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77w  iiirface  elevation  of  the  southern  Greenland  ice  sheet 
and  surface  features  of  the  ice  flow  are  obtained  from  the 
radar  altimeter  on  the  CEOS  3 satellite.  The  achieved 
accitrMv  in  surface  elevation  is  —2  m.  As  changes  in 
surfac  .r  elevation  are  indicative  of  changes  in  ice  volume, 
the  mass  balance  of  the  present  ice  sheets  could  be  deter- 
mined by  repetitive  mapping  of  the  surface  elevation  and 
the  surface  could  be  monitored  to  detect  surging  or 
gniftcont  changes  in  ice  flow. 


Changes  in  the  volume  of  ice  contained  in  the  polar  ice 
S'  eets  on  Greenland  and  Antarctica  are  intimately  related  to 
u irid'vide  sea  level  and  global  climate.  Because  the  sea  level 
ei  uivaient  of  the  Greenland  ice  sheet  is  about  6 m and  the 
A tan  tic  ice  sheet  about  60  m.  ice  volume  changes  of  less  than 
Via  ar.*  significant.  The  cur*iiitly  rising  sea  level  (S  cm  increase 
since  1940  ) might  be  r sed  in  pan  by  changes  in  the  volume 
of  the  iiol.ir  ice  sheets.  Although  major  changes  in  polar  ice 
volume  have  occurred  dunng  the  past  10,000  years,  it  is  not 
known  vvhether  the  present  ice  sheets  are  growing  or  shnnkmg, 
nor  if  their  Ice  flow  is  stable  or  subject  to  surges’  There  is  also 
speculation  that  man's  impact  on  the  climate  through  fossil  fuel 
combustion’  may  induce  ice-sheet  melting. 

Survc'ing  the  surface  topography  of  the  Antarctic  ice  sheet 
by  satellite  radio  altimeter  was  proposed  by  Robin*  before  the 
advent  of  railar  altimeters  designed  for  accurate  measurements 
of  tea  surfac  e topograph:  A iirect  determination  of  the  mass 
balance  o.'  t^ie  ice  sheets  ’-f  monitoring  them  for  surges  by 
repehtive  mapping  with  saivllite  radar  altimetry  at  intervals  of 
5-10  yr  was  suggest'  ^ 17  Zwally’  A change  of  only  I m in  the 
2,000  m averag:  'evation  of  the  ice  sheets  would  indicate  a 
change  in  'ce  voiame  that  it  equivalent  to  3 or  4 cm  of  sea  level. 
It  IS  net  fc  ble  to  determine  the  mass  balance  of  the  major 
parts  of  '^e  ice  sheets  to  such  significant  accuracy  by  con- 
ventional lurveymg  techniques  or  direct  meuuremeni  of  mass 
input  ,inow  accumulation)  against  mass  output  (melting  and 
ic'crg  discharge)  The  increased  ice  output  in  an  ice  sheet 

le  wot  id  certainly  cause  detectable  surface  elevation 
changes  m he  surge  bum.  Vieuurements  of  the  surface  topo- 
graphy and  Its  time  dependence  could  be  used,  along  with  ice 
dynamics  models,  to  assess  the  existing  potential  for  ice  sheet 
surging  and  to  de’t.rmine  the  nature  and  extent  of  an  actual 
surge  if  O'-  irs 

Extern >v  mapping  ot  both  the  surface  and  bedrock  topo- 
graphv  ot  Greenland  and  Antarctica  is  being  conduaed  by 
aiir-iit  radio  echo  sounding*'  Recently,  balloon-borne  radar 
k.timeters  have  also  been  used  to  map  surface  topography  m 


Antarctica*.  The  accuracy  achieved  by  these  techniques,  ± 
30  m for  aircraft  and  s60  m for  balloons,  is  limited  mainly  by 
the  uncertainty  of  the  determination  of  the  platform  reference 
level  using  pressure  altimetry.  At  leut  one  order  of  magnitude 
increase  in  the  accuracy  is  needed  to  determine  significant  ice 
volume  changes  and  details  of  the  surface  topography 

The  geodynamtes  experimental  ocean  satellite  (GEOS  3), 
currently  in  orbit,  is  the  first  of  a series  of  oceanographic 
satellites  equipped  with  a radar  altimeter.  The  results  presen- 
ted here  from  analysis  of  GEOS  3 data  collected  over  southern 
Gieenland  show  that  the  radar  altimeter  determines  the  ele- 
vation of  the  ice  sheet  surface  to  an  accuracy  of  about  x 2 m 
and  delineates  surface  features  of  the  ice  flow  Detailed  know- 
ledge of  the  surface  topography  is  important  not  only  for 
assessing  volumetric  changes  of  the  tee  sheets,  but  as  a primary 
input  for  study  of  glacier  dynamics.  In  addition  to  the  improved 
vertical  accuracy  provided  by  satellite  altimetry,  it  can  cover 
the  ice  sheets  in  a much  shorter  lime. 

Sensing  system 

GEOS  3 wu  launcheo  into  an  orbit  with  a mean  altitude  of 
844.5  km  and  an  inclination  of  1 14*  52'  on  9 April  1975.  This 
orbit  covers  all  water,  ice  and  terrain  between  65*  08'  N and  S 
latitudes. 

The  altimeter  height  (h)  is  determined  from  the  measured 
lime  between  the  transmission  and  return  of  13  9 GHz  radar 
pulses.  The  height  measured  is  to  the  mean  surface  within  the 
altimeter  footprint',  or  effective  backKatienng  area,  which  is 
determined  primarily  by  the  altimeter  characteristics.  Because 
the  footprint  size  and  location  on  the  observed  surface  can 
affect  the  height  measurement  and  the  interpretation  of  the 
results,  the  footprint  definition  and  the  method  of  determining 
height  from  the  return  pulse  must  be  carefully  reviewed.  The 
footprint  size  is  limned  by  the  width  (r)  of  the  transmitted 
pulse.  As  the  antenna  is  designed  to  illuminate  an  area  larger 
than'ihe  footprint,  the  footprint  is  pulse-limited  and  not  beam- 
limited. 

The  ideal  pulse-limited  footprint  is  defined  as  the  maximum 
circular  area,  on  a reflecting  plane  normal  to  a radial  line  from 
the  altimeter,  from  which  backKattenng  can  be  simultaneously 
received.  It  is  denved  as  follows  The  leading  spherical  wave 
front  of  a pulse  transmitted  at  time  t • 0 first  intersects  the 
surface  at  time  iwh/c.  where  c is  the  velocity  of  light.  The 
circle  of  illumination  then  expands  over  the  surface  until  t - r. 
at  which  time  the  trailing  wave  front  intersects  the  surface  as 
shown  in  Fit  la.  After  time  i*r.  point  .V  at  the  centre  is  no 
longer  illuminated.  Backscattered  signal  at  the  altimeter  is 
received  from  point  .V  from  itme  2i«2fi/c  until  2r-r  The 


F1|.  1 d.  Radar  pulw  wav«  (rant]  mrcrsacting  a rcAdCting  >ur- 
lacc  Th«  diamcier.  Or.  the  (ootpnnt  (etfeciiv«  backjcattering 
area)  and  the  diameter.  0|.  o(  the  illuminated  area  are  iltusiraied 
b.  Over  a turface  with  Mope  .i  the  measured  height,  a . u to  the 
neareat  reflecting  point  (Pl_  The  desired  height,  h.  above  satellite 
nadir  (N)  is  about  ho'  ^ greater  than  the  measured  h 


distance  d (see  Fig  Id),  to  the  furthest  point  from  which 
backscatier  can  also  be  received  at  lime  ^r  * r.  is  obtained  from 
ZJ  c“2/*t.  Thus.  d“h+cr  I and  from  geomeirv  the 
diameter  of  the  ideal  footprint  is  Dr  » itchr)'  . neglecting  a 
second-order  term  Effective  pulse  widths  of  I’Jna  are 
achieved  by  pulse  compression  techniques  in  the  short-pulse 
mode  of  GEOS  ? (ref  d),  and  the  corresponding  footprint 
diameter  is  .)  b hm.  The  diameter  Di  of  the  maximum  circular 
area  simultaneously  illuminated,  however,  is  a factor  of  v 2 
larger  than  the  footprint 

The  return  signal  increases  from  2i  to  2t*r.  and  then 
remains  nearly  constant  until  the  backscaiter  from  the  larger 
angles  is  attenuated  bv  the  beam  limitations  of  the  antenna,  or 


Fig  . 2 Greenland  ice  vhect  lurttce  prunle  measured  bv  ihe  radar 
alnmete'  'long  .-.rbn  i)p40  of  CEOS  3 Vertical  evaggeraiion  it 
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is  limited  by  the  specular  character  of  the  surface.  The  alti- 
meter split-gate  tracker"’  is  designed  to  measure  the  time  (T) 
from  transmission  to  the  centroid  of  the  return  signal  rise,  so 
that  hmc/HT-r.’Z).  The  centroid  is  chosen  primarily  to 
minimise  the  effect  of  su.'face  waves  on  the  determination  of 
the  mean  surface  height,  because  surface  waves  tend  to  distort 
the  signal  rise  symmetrically  about  the  centroid.  In  fact,  the 
ligniflcani  wave  height  of  ocean  waves  is  derived  from  the  slope 
of  the  return  signal  rise 

The  height  determined  by  the  altimeter  is  not  necessarily  to 
the  satellite  nadir  point  (N),  but  is  to  the  r aresi  surface  within 
the  held-of-view  that  reflects  sufficient  signal  to  the  antenna. 
The  GEOS  3 altimeter  antenna  has  a 3db  field-of-view  of 
38  km  (2.6*  beam),  which  is  abevut  10  times  the  footprint 
diameter  The  antenna  axis  is  also  constrained  to  within  I*  oi 
nadir  by  the  GEOS  3 stabilisation  system.  From  a geometric 
standpoint,  for  a Rat  surface  which  has  a mean  slope  (a ) over 
the  entire  Reld-of-view.  the  nearest  reflecting  point  (P)  is 
upslope  from  nadir  at  a honrontal  distance  of  h sin  a cos  a w 
ha  and  vertical  distance  of  h sin’a  ^ha'  (see  Fig  lb)  (ref  4). 
However,  the  geometrical  error  Afi  in  the  measured  height  (ft  ), 
compared  to  the  desired  height  (fi ) above  nadir,  is  a factor  of 
two  smaller  and  is  equal  to  ft  (I -ecisa)»fm’  '2.  Also,  the 
measured  height  is  the  true  height  at  a horizontal  distance  ft 
(1  - cos  It)  tan  a w fia  2 fpom  nadir.  In  principle,  for  uniformly 
sloping  surfaces  the  indicated  surface  can  be  adjusted  by  this 
geometrical  factor  to  obtain  :he  true  surface  For  a surface 
slope  of  1/300  (see  Fig  3.  for  example),  the  true  surface  is 
located  1 4 km  horizontally  inward  or  4 T m vertically  below 
the  indicated  surface  Where  the  slope  does  not  extend  across 
the  entire  fleld-of>view.  the  geometrical  displacement  is  <- Aft. 

Ice  surface  elevations  aKwe  sea  level  are  computed  by 
subtracting  Ihe  altimeter  height  measurements  from  the  cal- 
culated satellite  aliiiudes  above  a reference  ellipsoid  of  the 
Earth  and  also  subtracting  the  geoid  height  (local  sea  level 
height  above  the  ellipsoid).  Geoid  heights  from  the  Marsh- 
Vincent  model  are  used  " The  precise  p'vsition  of  tite  CEO.S  3 
satellite  (latitude,  longitude,  and  altitude  above  the  reference 
ellipsoid)  IS  determined  from  orbital  solutions  incorporating 
measurements  from  ground-based  tracking  systems  The 
accuracy  of  the  resultant  satellite  position  m three  dimensions 
depends  on  the  type  of  tracking  data  available,  and  it  vanes 
from  £ cm  for  luer  tracking  to  a few  metres  for  radar  or 
doppler  tracking 

.Although  an  accuracy  of  a few  metres  is  satisfactory  for  the 
horizontal  position  of  the  satellite,  the  altitude  over  the  ice 
sheet  IS  further  refined  by  reference  to  the  adjacent  sea  surface 
For  all  the  data  shown  here  the  elevation  is  adjusted  to  zero 
over  the  deep  water  east  of  Greenland  where  tidal  and  dynamic 
variations  do  not  exceed  03m  The  data  may  be  corrected 
later  to  compensate  for  the  small  tidal  effects 

Height  data  points  can  be  obtained  from  GEOS  .3  at  the  rate 
of  100  s‘‘  or  10  s"'.  depending  on  whether  the  delays  of 
individual  pulses  or  the  average  of  10  pulses  are  analysed. 
Averaged  data  (lOs"')  are  used  here  so  that  each  elevation 
data  point  represents  an  average  along  0 6'  km  of  the  satellite 
ground  track. 

Analysis  and  discussion 

The  surface  elevation  segment  in  Fig  2 from  radar  altimeter 
measurements  taken  on  orbit  tXi40  of  GEOS  3 shows  a typicai 
ice  sheet  proiile  The  surface  along  this  segment  is  nearlv 
symmetrical  about  the  crest  with  a mean  slope  ot  1 2*0  on 
each  side  As  the  ice  flow  toward  the  edges  of  the  ice  sheet  can 
be  approximately  described  as  plastic  deformation,  there  is  a 
well-known  relationship  between  surface  slope  and  ice  thick- 
ness, in  plastic  flow.  Ihe  shear  stress  and  consequently  the  ice 
flow  are  proportioned  to  the  surface  slope  and  the  ice  thick- 
ness Therefore,  small  surface  slopes  are  generalK  indicaiiye  of 
thick  ice.  Near  the  210  km  point,  the  slope  increases  to  1 I.'O 
indicating  thinner  ice  toward  the  mountainous  cast  coast 


A topographic  map  prepared  from  altimeter  data  from  34 
GEOS  3 orbits  between  May  1975  and  Apnl  1977  « shown  in 
F\g.  3.  As  the  best  previous  topographic  map  of  this  area  was 
made  from  rather  sparse  surface  altimeter  measurements  hav- 
ing in  most  cases  only  ±30  m accuracy'^  there  is  little 
information  of  sufficient  accuracy  for  companson  with  the 
radar  altimetry.  However,  at  two  locations  (DYE-3  station, 
and  South  Dome)  the  surface  elevation  was  established  to  an 
accuracy  of  several  metres  by  Mock‘d  using  navigational-satel- 
lite positioning.  Mock's  elevations  at  these  locations,  labelled 
D3  and  SD  respectively  in  Fig.  3.  have  been  referenced  to  sea 
level.  Orbit  10265  data  show  a maximum  elevation  of  2.S33  m 
at  15  km  north-east  of  South  Dome.  This  altimeter  measure- 
ment IS  9 m higher  than  Mock's  elevation  of  South  Dome  and 
consistent  with  his  observation  that  the  surface  slopes  upwards 
to  the  north-east  from  the  South  Dome  site.  Similar  agreement 
exists  between  the  DYE-3  elevation  and  the  elevations  from 
the  orbit  6 km  south  of  the  station.  In  addition.  Mock  (personal 
communication)  has  provided  elevations  on  the  eastern  slope 
of  orbit  2658  south-east  of  DYE-3  which  agree  with  the  satel- 
lite altimeter  within  5 m.  The  western  part  of  orbit  2658. 
however,  shows  elevations  100-150  m higher  than  previously 
inferred  values,  a difference  which  is  equal  to  about  5%  of  the 
ice  thickness.  These  large  differences  occur  in  an  area  where 
the  previous  control  points  were  sparse  and  less  accurate. 

The  internal  consistency  or  precision  of  the  radar  altimeter 
has  been  examined  by  analysing  intersecting  nadir  tracks  along 
the  surface.  Elevation  differences  at  intersections  presented  in 
Table  1 range  from  0.07  to  3.10  m.  When  the  time  interval 
between  intersecting  orbiu  is  long,  close  agreement  of  surface 
elevations  is  not  necessanly  expected  because  accumulation. 


ablation,  and  ice  flow  can  cause  detectable  variations.  For  the 
two  intersections  having  time  intervals  of  only  a few  days,  the 
indicated  differences  are  < 0.30  m.  Because  other  intersects 
had  intervals  as  long  as  96  weeks,  real  elevation  changes  of  the 
order  of  1-2  m might  account  for  part  of  those  indicated 
differences.  The  mean  absolute  difference  is  1.4  m.  Although 
additional  analysis  is  requirea.  these  data  are  consistent  with  a 
precision  of  — 2 m or  better. 

A typical  accumulation  rate  over  southern  Greenland  is 
0.55myr"‘  ice-equivalent‘*  or  about  1.5  myr''  of  near-sur- 
face snow  equivalent.  If  the  ice  flow  is  in  equiiibnum  with  the 
surface  accumulation,  then  the  vertical  surface  velocity  is  equal 
to  the  accumulation  rate  and  the  surface  elevation  will  not 
change.  Nevertheless,  even  if  the  ice  flow  is  in  equilibrium  with 
the  multi-year  average  accumulation  rate,  localised  and  inter- 
annual anomalies  in  accumulation  rate  and  surface  elevation 
will  occur.  For  example,  the  effect  of  a localised  doubling  of  a 
0 55  m yr~‘  accumulation  rate  for  one  year  would  be  a 
temporary  surface  rise  of  1.5  m. 

Figure  4 shows  an  e.vample  of  nearly  overlapping  tracks  that 
are  parallel  and  separated  by  0.8  km  across  track.  The  mean 
surface  elevations  over  distances  of  10-20  km  along  the  two 
tracks  agree  within  1 m,  but  local  differences  are  as  much  as 
5 m and  are  probably  due  to  across-track  surface  undulations. 
The  local  across-track  slopes  are  about  the  same  as  along-track 
slopes  on  the  scale  of  several  kilometres,  indicating  undulations 
in  both  directions. 

The  delineation  of  undulations  or  waves  is  an  intriguing 
aspect  of  the  altimeter-denved  elevation  profiles.  Similar 
waves  have  been  observed  by  surface  levelling,  for  example, 
dunng  ihe  European  glaciological  expedition  across  Greenland 
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Tabk  1 Obtcrved  elevaiiont  ai  imencctiona  over  ice  sheet 


Orbit 

Date 

Interval 

Surface 

Elevation  above 

Elevation 

no. 

(yr  month  date) 

(d) 

Position 

slope 

sea  level  (m) 

diflercncc  (m) 

640 

750525 

64.885‘N. 

2.310  22 

4236 

760203 

254 

42.688*W 

1/280 

2.310.36 

♦0.14 

683 

750528 

64.565*N. 

2.283.75 

2658 

751014 

139 

47.335*W 

1/125 

2.286.71 

♦2.96 

683 

750528 

64.149*N. 

2.636.45 

10235 

770402 

675 

43.367^ 

1/115 

2.633.35 

-3.10 

2673 

751015 

64.814*N. 

2.623.89 

4236 

760203 

111 

43.898HV 

1/370 

2.621.97 

-1.92 

4548 

760225 

62.105*N. 

2.559.95 

4593 

760228 

3 

44.54<rW 

1/960 

2.560.23 

♦0.28 

10235 

770402 

63.468*N. 

1.916.40 

10251 

770403 

1 

48.557^ 

1/110 

1.916.33 

-0.07 

at  about  70^N  (ref.  IS).  The  generation  of  surface  undulations 
by  ice  fio'ti  over  irregularities  in  the  bedrock  topography  has 
been  discussed  by  several  authors  including  Budd'*.  Budd's 
theoretical  analysis,  and  analyses  of  measured  surface  undula- 
tions with  respect  to  bedrock  undulations  by  Beitzel'^  and 
Budd  and  Carter",  have  shown  that  wavelengths  about  2-6 
times  the  ice  thickness,  that  is  wavelengths  of  the  order  of 
S-10  km,  dominate  the  surface  profiles.  Such  waves  generated 
by  flow  over  the  bedrock  are  stationary,  whereas  kinematic 
surface  waves'*  would  move  downslope  and  wind-drift 
accumulation  waves'*  would  move  upslope.  Therefore, 
bedrock-generated  waves  should  be  distinguishable  from  other 
surface  waves  by  their  stationary  character 


apparently  have  IS  m amplitude.  Therefore,  the  amplitude  of 
the  observed  waves  could  be  larger  than  indicated.  On  another 
scale,  the  average  amplitude  of  wave  features  such  as  sastrugi, 
having  small  spatial  extents  compared  to  the  altimeter  foot- 
print. should  be  derivable  from  the  return  pulse-shape  as  ocean 
significant  wave  heights  are  derived. 

The  detailed  surface  topography  ■''at  will  result  from  the 
analysis  of  the  complete  set  of  altimeter  profiles  will  determine 
the  three-dimensional  character  of  the  observed  waves,  and 
sequential  mapping  will  determine  their  time-dependent 
nature.  Because  the  wave  character  is  related  to  the  bedrock 
topography,  ice  thickness,  and  ice  flow  parameters,  much  can 
also  be  learned  about  ice  sheet  dynamics  from  the  observation 
of  surface  waves. 
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ng.  4 Ice  surface  elevations  on  the  eastern  slope  along  parallel 
lines  separated  bv  0.8  km.  GEOS  3 orbits.  2658  14  October 
19’5-,  4236  3 February  1976. 


Segments  of  (our  elevation  profiles  on  the  western  slope  are 
shown  in  Fig.  5.  Waves  in  the  western  slope  profiles  shown  here 
have  individual  amplitudes  as  large  as  25  m.  However,  the 
eastern  slope  of  track  640  in  Fig.  2 shows  more  regular  wave 
features.  A series  of  about  eight  waves  having  an  average 
wavelength  of  10  km  and  an  average  amplitude  of  15  m is 
apparent.  The  geome  ncal  factors  that  limit  the  amplitude  of 
the  wave  features  in  a radar  profile  have  been  described  by 
Robin'.  For  example,  for  a wavelength  of  10  km  the  curvature 
of  the  radar  front  is  such  that  it  will  meet  the  crests  of  the 
surface  waves  at  the  same  ti.me  that  it  meets  the  bottom  of  a 
valley  15  m deep  at  the  mid-point.  Thus,  waves  with  ampli- 
tudes greater  than  15  m having  wavelengths  of  about  10  km 


Conclusion 

Although  the  GEOS  3 radar  altimeter  was  specifically  designed 
for  ocean  measurements  and  the  operating  parameters  are  far 
from  optimum  for  ice.  it  can  be  used  for  mapping  the  surface  of 


Longitude  iWl 

ng.5  Three  dimensional  view  of  ice  surface  on  western  slope  of 
the  ice  sheet. 
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itM  Set ihwtt.  TIm  Mcuracy  of  -2  m obtaiiMd  with  OEOS  J it 
tuillciMt  to  Mtabliih  a batalina  titvation  map  of  tha  toutharn 
Ortonlaad  ica  thatt  for  datamination  of  itt  matt  baianca  or 
itaia  aquilibrium  batwaan  matt  input  and  ica  flow.  Thit  map* 
piii|  will  ba  rapaatad  naxt  by  tha  radar  altimaMr  on  Saatat  A 
launebad  in  Juna  1978.  Tba  improvad  pradtioa  axpactad  with 
Saatat  A may  raduea  tha  tima  intarvai  that  it  naad^  batwaan 
mappinp  to  datact  tigniflcant  alavation  chanpet. 
Unfmnataly,  tha  Saaut-A  orbit  inclination  of  108*  ohly 
axtcndi  tha  eovarata  to  ±72*  latituda  which  it  luflldant  to 
eovar  —30%  of  Oraanland  but  only  the  eoattal  margin  of  tha 
Eatt  Antarctic  ica  thaat.  For  axampla,  it  doat  not  cover  the 
vary  interatting  Watt  Antarctic  ice  thaat*. 

By  uiing  tha  data  from  dotaly  tpacad  and  overlapping  orbitt 
to  remove  tha  gaomatrical  arrort  on  tioping  turfaeat,  it  will  ba 
pottibla  to  ettablith  more  accurately  the  actual  turfaca  of  tha 
tioping  portiont  of  tha  ica  thaat  Any  ratidual  arrort  in  tha 
abaoluta  alavation  dua  to  tlopat  will  have  a tmallar  influence 
on  tha  detection  of  elevation  changat  between  rapatitiva  map- 
ping! using  tba  tame  technique. 

obtarvation  of  numarout  turfaca  wavat  of  tha  order  of 
10-20  m,  amplitude  and  lOknt  wavelength  corroboratat  tur- 
faca matturemantt  and  will  provide  additional  intightt  to  tha 
dynamict  of  large  ice  mataat.  Thit  alto  pointt  out  tba  nacattity 
for  accurate  mapping  of  tha  entire  ioe  thaat  bacauta 
aitrapoiation  of  iocalitad  turfaca  maatutamants  can  ba 
tttongly  influanoed  by  iocalitad  or  temporary  features  of  th«. 
turfaca  dyoamkt.  For  example,  tha  determination  of  tha  loca- 
tions of  ice  domes  or  ice  dividat  requires  tha  smaller  tcaJa 
undulations  to  be  averaged  to  datermitM  tha  mean  surface. 

Tha  ratulti  from  tha  analytit  of  intersecting  tracks  and  the 
agraamant  with  tha  turfaca  control  points  impUct  that  Fig.  3 it 
thi  moat  accurate  topographic  map  of  toutbem  Greenland. 


One  noubla  diflaranca  from  the  previous  maps  it  tha  greater 
elongation  of  tha  toutharn  'ioma  u shown  by  tha  extension  of 
tha  2,600  m contour  near  to  DYE-3  and  the  extension  of  the 
2,800  m contour  south  to  62.7*N. 

An  altimeter  similar  to  the  oratent  one  but  tpadflcally 
designed  for  ice  thaat  mapping  it  required  for  future  studies. 
Tha  OEOS  3 ttudiet  art  providing  information  on  altimeter 
operation  over  ica  and  sloping  surfaces  that  can  be  used  to 
optimita  antenna  beam,  pulse,  tentitivity,  tracking  circuit,  and 
other  paramatert  «nd  alto  to  evaluate  detigiu  such  at  a 
multipia-bcam  altimeter.  An  appropriate  ice  altimeter  placed 
in  p«^  orbit  at  intervals  n!  2-5  yr  would  provide  the  data 
required  to  answer  important  geophysical  questions  about  the 
growth  or  shrinkage  and  stability  of  tha  present  day  ica  theais. 
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Comparison  oi  2.8*  and  21 -cm  Microwave  Radiometer  Observations  Over  Soils 

With  Emission  Model  Calculations 


W.  J.  Burke 

Rifii  Kmarch  CtHttr.  H'ntoii,  MasitchutHU  02I9J 


T. SCHMUCCE 

SASA  (MAtrA  Sftei  Ftlthi  Cnur.  CftmMl.  MtfylmA  20T2I 

J.  F.  Paris 

VKiMniiy «/  HauiieH  at  CItar  Lakt  City.  Hoatioa.  Ttxas  770S9 

An  lirbom*  tuptriintm  «u  conducttd  undtr  NASA  auspicts  to  t«l  the  ftaaibiltty  of  dtttctini  toil 
moiaturt  by  microwavt  remott  saniini  tKhniquea  over  t|ncultural  Helds  near  Phoenix.  Arizona  at 
midday  of  April  3.  1974  and  at  dawn  of  the  followinf  day.  Extensive  ground  data  were  obtained  from  96 
bare,  sixteen  hectare  IMds.  Observations  made  using  a scanning  (2.8  cm)  and  a nonscanning  (21  emt 
radiometer  were  compared  with  the  predictions  of  a radiative  transfer  emission  model  It  is  shown  that  ( I ) 
the  emitted  intensity  at  both  wavelengths  correlates  best  with  the  near  surface  moisture.  (2)  surface  rough* 
ness  is  found  to  more  strongly  aflect  the  degree  of  polarization  than  the  emitted  intensity.  (3)  the  slope 
of  the  intensity*moisture  curves  decreases  in  going  from  day  to  dawn,  and  (4)  increased  near  surface 
moisture  at  dawn  is  characterized  by  increased  polarization  of  emissions.  The  results  of  the  experiment 
indicate  that  microwave  techniques  can  be  used  to  observe  the  history  of  the  near  surface  moisture.  The 
subsurface  history  must  be  inferred  from  soil  physics  models  which  use  microwave  resulu  as  boundary 


conditions. 

Introduction 

Recent  attempti  to  monitor  the  world’s  food  supply  from 
space  [HammonA.  I97S]  would  be  greatly  assisted  by  timely 
information  concerning  the  soil  moisture  available  to  growing 
crops.  Foe  et  of.  [1971]  and  ScAmitggr  ei  of.  (1974]  have  re* 
ported  observing  correlations  between  the  natural  microwave 
emissions  of  soils  and  their  moisture  content.  To  test  the 
remote  sensing  capabilities  of  microwave  technology  for  mea* 
suring  toil  moisture,  the  National  Aeronautics  and  Space  Ad* 
ministration  (NASA)  hu  initiated  a set  of  experiments.  We 
report  here  on  the  initial  phase  of  the  experiments,  a set  of 
flights  over  agricultural  fields  near  Phoenix.  Arizona,  con* 
centrating  on  microwave  and  infrared  radiometric  data. 

Experimental  and  theoretical  considerations  suggest  that  the 
following  parameters  most  strongly  influence  the  radiative 
signatures  of  natural  terrain;  ( I ) the  frequency  and  polariza* 
tion  of  the  radiation.  (2)  the  look  angle  of  the  dinectors,  (3)  the 
texture  of  the  soil.  (4)  the  moisture  and  temperature  proflIes  of 
the  toil.  (3)  the  roughness  characteristics  of  the  surface,  and 
(6)  the  vegetative  cover.  The  fint  two  parameters  are  under 
experimental  control  but  the  remainder  are  given  by  nature.  In 
the  present  experiment  the  textures,  moistures,  temperatures 
snd  surface  roughnesses  of  the  soils  were  directly  measured  for 
comparison  with  microwave  data.  The  effects  of  vegetative 
covers  are  disregarded  for  the  time  being,  by  limiting  ourselves 
to  bare  field  observations. 

Theoretical  emission  models  are  useful  for  interpreting  the 
physical  information  contained  in  the  microwave  observe* 
tions.  The  pnneipte  of  detailed  balancing  has  been  applied  by 
FeoAf  [1959]  to  calculate  the  emissivity  of  soils  in  thermody* 
namk  equilibrium  with  their  environments.  Sio$ryn  [1970]  has 
pointed  out  that  emissivity  is  a meaningful  concept  only  where 
no  thermal  gradients  exist  in  soils.  He  hu  employed  a Green's 

Coeynghi  4)  1979  by  the  American  Geophysieal  Union. 


function  method  to  derive  a general  set  of  equations  for  micro- 
wave  emissions  at  either  polarization  for  any  dielectric  and 
temperature  profile.  In  this  paper  we  present  an  emission 
model  based  on  the  radiative  transfer  equation.  Moisture  and 
temperature  gradients  are  represented  by  step  functions  across 
soil  layers  of  finite  thickness.  The  model  appears  ( I ) to  provide 
physical  insight  into  the  significance  of  'he  data.  (2)  to  be  in 
reasonable  agreement  with  radiometric  observations,  and  (3) 
to  require  relatively  little  computer  time. 

In  the  following  sections  of  this  paper  we  first  summarize  the 
Phoenix  experiment  and  Its  results.  The  radiative  transfer 
model  along  with  its  predictions  for  2.8  cm  and  21  cm  er.iis* 
sions  are  then  presented.  In  comparing  radtometre  observa* 
tions  with  the  model's  predictions  it  is  shown  that  the  emitted 
intensity  and  polarization  are  physically  significant  parame* 
ters.  The  inversion  capabilities  of  the  model  are  illustrated  in 
terms  of  these  quantitiu.  Finally,  we  discuss  the  experimental 
results  u they  pertain  to  future  uses  of  microwave  remote 
sensing. 

The  Experiment 

The  first  phase  of  the  NASA  sponsored  feasibility  test  for 
detecting  soil  moisture  by  microwave  remote  sensing  tech- 
niquu  wu  conducted  near  Phoenix.  Arizona  on  April  5 and  6. 
1974.  Contributing  investigators  came  from  the  Johnson  Space 
Center.  Coddrrd  Space  Right  Center,  the  Agricultural  Re* 
search  Service  of  the  U.S  Department  of  .Agriculture,  the 
Environmental  Research  Institute  of  Michigan,  the  University 
of  Arkansu.  the  University  of  Kansu  and  Texu  A & M 
University.  X and  L band  (2.8  cm  and  21  cm)  radiometers  and 
imaging  radars  were  flown  over  four  flight  lines,  two  aligned 
north-south  and  two  aligned  eut*w«t.  Three  puses  were 
made  over  the  flight  linu  dunng  the  early  afternoon  of  April  5. 
and  a single  pass  at  dawn  of  April  6.  At  the  time  of  the 
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afternoon  pasMt  soil  moistun  and  tainparaturt  ground  truth 
sampias  wart  taken  from  M hart  sixteen  hecurc  (40  acre) 
fleldi.  Time  constraints  allowed  for  moisture  and  leirperaiurc 
meuuttmena  from  only  six  pairs  of  flelds  during  the  April  d 
pass. 

The  ground  truth  effort,  a deuiled  map  of  the  flight  lines 
and  tabular  listings  of  the  soil  moisture,  temperatute,  texture 
and  average  brightness  temperatures  of  each  field  are  given  by 
Schmtggt  *t  at.  (1976].  Active  microwave  results  were  re* 
ported  by  Cihtar  ei  at.  (1973).  Moisture  samples  were  taken 
from  four  widely  spaced  points  in  each  field  from  the  (ops  and 
bottoms  of  furrows.  The  sample  layers  were  0-1. 1-2. 2-3. 3-9 
and  9-13  cm.  Temperature  sampla  were  taken  at  one  point 
per  field  at  the  tops  and  bottoms  of  furrows.  Probes  with 
thermistors  embedded  at  (he  midpoints  of  the  above  given 
layen  were  used.  The  soil  umples  were  subjected  to  hygros* 
copic  and  textural  analysis  [Schmytgt  ti  at.,  1974].  The  die- 
lectric coefficients  of  the  various  soil  types  found  in  the  Phoe- 
nix area  were  measured  as  a function  of  moisture  content  in 
waveguides  [Babai.  1974;  Nnutoa  and  McCMIan,  1973].  As  a 
measure  of  surface  roughness  a set  of  three  photographs  was 
taken  in  each  field  against  the  background  of  a gridded  panel. 
Due  to  the  relatively  uniform  cultivation  practices  of  Pheonix 
area  farmers  only  three  kinds  of  surfaces  were  found:  ( I ) listed 
fields  with  mean  furrow  heights  of  27  cm  and  peak  to  peak 
separations  of  I m.  (2)  planted  Helds  with  mean  furrow  heights 
of  3 cm  separated  by  30  cm.  and  (3)  one  flat  field.  No  attempt 
has  been  made  to  estimate  the  spectral  characteristia  of  the 
small  scale  roughness. 

The  microwave  radiometers  carried  aboard  the  NASA  P-3A 
aircraft  were  a nonsranning  21  cm  (^-Band)  instrument  and 
the  2.8  cm  (T-Band)  Passive  Microwave  Imaging  System 
(PMIS).  The  PMIS  is  an  imaging  radiometer  that  Kans  in  44 
steps  along  an  azimuthal  arc  of  ±33*  at  a constant  look  angle 
of  49.3*.  The  antenna  is  a dual  polarized  cross-slot  phased 
array,  that  is  electronically  stepped  for  scanning.  The  half 
power  beam  width  is  2.6*  x 1 .6*.  The  f.-band  antenna  is  a fiat 
plate  dipole  array  whose  look  angle  and  polarization  must  be 
set  manually.  During  the  first  afternoon  and  the  dawn  flights 
the  antenna  was  set  at  a nadir  look  angle.  The  look  angle  was 
40*  for  the  second  and  third  afternoon  fiighu.  measuring 
vertical  and  horizontal  polarizations  respectively.  The  half 
power  beam  width  it  -13*.  Since  (he  aircraft  flew  at  an  alti- 
tude of  -800  m at  a speed  of  82  m/s  we  were  abie  to  retrieve 
only  I or  2 s of  uncontaminated  L band  data  per  field. 

Also  aboard  the  aircraft  were  two  infrared  radiometers  in 
the  10-12  um  range  (one  scanning,  the  other  nontcanning). 
These  radiometers  were  used  to  determine  the  surface  temper- 
ature of  the  toil.  From  a remote  tensing  point  of  view,  it  it 
necessary  to  have  tome  way  to  estimate  the  toil  temperature. 
By  comparing  surface  temperatures  with  temperatures  of  the 
first  layer  of  soil,  observed  within  20  min  of  an  afternoon 
overpau.  we  calculated  a relationship 

F,a  - l.34r.  - 3.6  (in  *C) 

with  a correlation  coeffiaent  of  0.96.  Tm  it  the  surface  temper- 
ature observed  with  the  infrared  radiometer  and  Ti  it  the 
measured  temperature  of  the  0-1  cm  layer. 

A SiMPu  Mooil  ran  .Micxowavi  EsastiONt 
Fxom  SniATiraD  Soiu 

In  this  section  we  develop  a rather  simple  radiative  transfer 
model  for  the  emission  of  microwave  radiation  from  bare  soils. 
The  predictions  of  the  model  are  checked  against  PMIS  obser- 


vations, and  an  inversion  tKhnique  is  suggested.  By  com- 
paring the  predictions  of  the  model  for  simulated  dau  we  are 
able  to  estimate  the  relative  contributions  from  various  depths 
of  soil  for  X and  L band  emissions.  Surprisingly,  the  model 
predicts  a high  correlation  between  X and  L band  radiative 
emissions. 

Our  radiative  transfer  model  makes  the  following  sim- 
plifying auumptions: 

1.  The  radiation  is  incoherent. 

2.  There  is  neither  attenuation  nor  emiuion  between  the 
surface  and  (he  antenna. 

3.  The  sky  brightness  is  isotropic  and  hu  a value  of  3*K  at 
X and  L bands. 

4.  Moisture  and  temperature  are  functions  of  depth  only. 

3.  Dielectric  and  thermal  properties  of  the  roil  are  con- 
stant across  layers  of  finite  thickness. 

6.  The  surface  of  the  soil  is  smooth. 

A cross  section  of  a stratified  soil  is  shown  on  Figure  I. 
Layers  have  thicknesses  AZ/.  which  are  not  necessarily  the 
same  for  all  layers.  Theyth  layer  is  bounded  or  the  top  by  the 
;th  surface  and  by  the /th  + I surface  on  the  bottom.  Within 
this  layer  the  dispersion  relation  for  electromagnetic  wave 
propagation  is  k,*  > (w/cl'u/gy.  The  frequency  is  w in  radians 
per  second,  e is  the  velocity  of  light.  is  the  magnetic  per- 
meability (auumed  equal  to  one)  and  > i*/  ht,  is  the 
complex  dielectric  coefficient.  If  we  write  k/  ■ (w/c)  (ff,  *■  ia,\ 
then  the  dispersion  relation  gives 

(tf«*  V + ^1/*)  - («•/'  + On*  + o,i')  -u, 

Snell's  law  shows  that  the  component  of  the  wave  vector 
parallel  to  the  surface  is  a conserved  quantity.  Thus 

and 


a„  •a„-0 


$,  is  the  angle  of  the  ray  emerging  from  the  soil  with  respect  to 
the  surface  normal.  It  ranges  in  value  between  0*  and  90*. 
Equation  (I)  can  be  solved  to  give 


y(i„  - sin'»,) 


ilL- , 

{tKi  - Sin'  $,)• 


(2) 


a„  - t,/2fl„ 


I 


I*'  ■ 

Fig.  I. 
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A cress  leeUM  of  Mratifiad  soil  used  in  the  radiauvs  transfer 
medal. 
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At  Um  boundary  bttwwn  tht;  tnd>  • I laytn  radiation  ii 
partially  raftoctad  and  trantmittad.  Tha  fraetiont  of  tha  in* 
ddant  alaaric  (laid  with  horitontal  and  vartieal  polariu'ioni 
raflactad  back  into  tha  >th  layar  art  fivan  by  tha  Frainal 
coafflcianu. 

+ kij.i  , 


I/. 1^1/  + 

whara  Thui  a#.  Pn  >nd  pv  all  dapand  on  tha 

Gomplax  dialactric  coafflciant  and  on  tha  angla  f*  that  tha  ray 
amarfaa  from  tha  aoil. 

An  attampt  to  construct  a radiative  transfer  aquation  that 
describes  radiaiioir  emitted  from  a stratiilad  toil  it  now  made. 
Within  the  first  layer  tha  radiative  transfer  equation  is 

^ ■ -yJm  + W) 

7 is  usually  written  u a product  of  the  density  and  mono- 
chromatic man  absorption  coefficient.  By  writing  tha  Poynt* 
ing  theorem  in  an  appropriate  form  it  can  be  shown  that  7,  - 

f.  it  the  intensity  of  radiation  at  frequency  <n.  is  the 
Planck  amission  function.  In  the  microwave  frequency  range 
Planck’s  emission  law  reduces  to  the  Rayietgh-lcant  equation, 
where  is  proportional  to  the  temperature  of  the  medium  T. 
Adopting  a similar  scaling  rule  for  /»,  and  effective  temper- 
ature Tf  car  be  defined  which  it  dircaly  proportional  to  1^ 
The  subKript  w it  suppressed  and  T,  refers  to  the  intensity  in  a 
narrow  range  near  w in  the  p polarization  state.  Since  7.  is 
isotropic  and  independent  of  polarization  no  designation  it 
necesury.  The  radiative  transfer  equation  in  the  first  layer  may 
be  written 

This  equation  can  be  integrated  from  a point  just  bdow  the 
surface  to  a point  just  above  the  interface  between  tne  first  and 
second  layers.  Benute  the  dielectric  propertia  are  aaumed  to 
be  constant  acrou  the  layer 

r^i*)  - r,(i  - e-’.-.)  + (6) 

The  argument  S*  implies  that  the  measurement  is  made  above 
(plus)  or  below  (minus)  the  .Vth  interface.  The  first  term  on  the 
right  hend  tide  of  (6)  accounts  for  radiation  emitted  within  the 
first  layer  and  comes  directly  to  the  surface.  The  second  term 
describee  upwelling  radiation  at  the  bottom  of  the  first  layer. 
This  in  turn  hu  two  components:  first,  radiation  emitted  in  the 
lint  layer  and  refiected  at  the  interface  between  the  fint  and 
second  layen;  and  second,  radiation  transmitted  from  lower 
layen. 

r^:*)  • - e-’-“o  + r^2-xi  - R^)  (7) 

Am  is  the  absolute  value  squared  of  the  Fresnel  coefficient  for 
the  p polanution  (equation  (3)).  The  radiation  held  just  above 
the  surface  is  (he  value  just  below  multiplied  by  the  trans- 
mittance (I  - X,i) 

T|,(l*)-(l“A„)r^|-) 

- (I  - A,.)ir,(l  - e-’.-.Hl  ♦ 

*(l  - I (»' 


The  radiative  transfer  equation  can  be  iniagratad  again  to 
calculate  r^2*).  Repeating  the  procedure  for  N layen  gives 

r,(lM,)-  Jr,(l  -e-’r*.^.)(l  +Aw.i(*t)»"»'"’'*'  ) 

■ iJl  ti  ” e*P  yj-iW«)Azj.i^  (9) 

The  brightness  temperature  measured  by  the  antenna  it  the 
sum  of  the  reflected  sky  brightness  and  radiation  emitted  frr.ii 
the  toil 

T,J.U)  - 1*.  I.)  (10) 

A computer  program  wu  written  that  used  u itt  inpuu  the 
moisture  and  temperatun  profllet  measured  in  the  Phoenix 
Reids.  Dielectric  coefficienu  were  calculated  using  the  toil  type 
characttrittic  of  each  field.  With  this  Information  (10)  could  be 
calculated  and  resulu  of  the  model  compared  with  PMtS  and 
MFMR  observations. 

To  illustrate  the  capabilities  of  the  model  consider  the 
ground  observations  (Table  la)  taken  simultaneously  with  the 
aircraft  overflight  of  field  260A.  The  field  had  listed  furrows 
aligned  perpendicular  to  the  flight  line.  Irrigation  by  flooding 
the  bottom  of  furrows  occurred  one  week  before  the  fiight. 
Predicted  brightneu  ttmperatures  at  vertical  and  horizonul 
polarizations  for  look  angles  between  0*  and  90*  are  listed  in 
Table  Ih.  The  average  value  of  PMIS  observations  for  this 
field.  T,  <■  211.1*  and  • 2619*.  arc  near  the  cmistion 
predictions  from  the  tops  of  furrows  with  a look  angle  of  30*. 
Evidently,  cmiuions  from  the  bottoms  of  furrows  were  shad- 
owed. With  the  exception  of  the  one  fiat  field  the  observed 
brightness  temperatures  of  ail  other  fields  were  found  to  coin- 
cide with  emission  values  predicted  for  look  angles  between 
35*  and  25*.  This  shift  in  the  cffcaivc  look  angle  is  due  to 
surface  roughnau  {OYeby  rr  al..  1970]. 

For  a model  to  be  useful  in  remou  sensing  it  must  be 
capable  of  inversion.  To  efTcct  such  an  inversion  the  bnghtneu 
temperatures  of  a set  of  pseudo-fields  have  been  calculated. 
The  temperature  profile  T,  • 303*.  T,  ■ 301*.  T,  ■ 299*.  T,  • 
297*  and  T}  “ 295*  wu  similar  to  that  observed  in  Phoenix 
fields  on  April  5.  The  moisture  profile  wu  PM(l)  ■ .W. 
PM(2)  - « t-  2.  PM(3)  - M *1,  PM(4)  - .W  + U and 
PM(5)  ■ M -f  16.  M wu  given  viiuu  between  I and  25^. 
However,  the  moisture  content  of  any  given  layer  wu  not  al- 
lowed to  exceed  30%.  We  refer  to  this  as  the  ’normal’  profile. 
Other  profilM  were  studied  for  comparisons. 

Calculated  brightneu  tempersturu  are  plotted  in  Figure  2 


TASLE  la.  Avera|e  Moisture  ind  Temperiture  Profiles  Observed 
at  Tops  end  louoffls  of  Furrows.  Field  260A 
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at  (unctioiM  of  tb*  moittura  contont  of  tho  top  eomiracur 
PM(I)  for  look  u|ltt  of  0*.  30*  ud  30*  it  tho  AT  bud 
frtquoacy.  For  PM(I ) > 10%,  at  nadir  look,  tho  avorago slopo 
ia  -3.3*K/porcnt  moiatura.  This  is  conaUtmt  with  a alopo  of 
-3.3*K/porent  moiatun  raportad  by  £cfomiff«  at  at.  [1974], 
Fi|urt  2 CM  alao  bo  uaod  to  atttmpc  u invaraion.  Unita  the 
proaaaca  of  a Bat  Bold  wu  iadicatad  by  a largo  diflimnee 
botwom  T,  ud  r«,  it  wu  aaaumod  that  duo  to  aurfaca  rough- 
nan  oBTacta  PMIS  obaarvationa  cama  from  u alTactive  loua 
angla  of  30*.  Eatimatn  of  PM(1)  from  the  top  of  furrows 
gained  by  thia  method  diverged  by  no  more  thu  1%  from 
groud  obaarvatiOM. 

Other  predictive  foaturea  of  the  model  cu  be  sou  by  con- 
aidering  the  Brat  two  Stokn  parametera;  F “ l/2(r,  r«) 

(intanaity)  ud  Q •T.-Tk  (polariaation).  Ftgurca  3a  ud  lb 
are  plota  of  predicted  intuaity  and  polarization,  reapcctively, 
u funetiona  of  the  moiatura  contut  of  the  surface  layer  of  toil 
at  spadBed  look  uglea.  The  0*  intenaity  curve  ia  in- 
diatinguithable  from  that  of  30*.  For  look  ugln  £30*  the 
intenaity  dependa  only  weakly  on  look  ugle.  The  polarization 
dapuda  on  both  look  angle  ud  PM(I).  The  depudnee  of  F 


Fig.  1 .MoM  alculatiou  for  vertkal  tad  hotizMtal  patenzauan 
brubtani  ttmptratum  at  X bend  frequury  tad  look  tagln  of  0*. 
30*  tad  30*  n t fUaoian  af  the  peretni  aiaitturt  la  the  tap  layer  of 
to-i. 


ud  Q on  soil  temparatura  wu  tnted  by  using  temperature 
profifoa  timilu  to  those  foud  at  dawn.  We  found  that  a 20* 
shift  in  soil  temparatura  changed  the  calculated  intuaity  by 
13*  ud  the  calcttlatod  polarization  by  only  2*. 

The  brightnen  temperature  for  I-bud  (21)  cm  radiation 
(Tt)  at  the  nadir  look  angle  u a function  of  PM(I)  ia  givm  in 
Figure  4.  In  the  cau  of  the  ’normal  proBle'  Fs  decreased  ia  the 
moisture  ruguO  < PM(1)  < 3 and  12  < PM(I)  < 30%  but 
remained  nmriy  eonstent  in  the  3 < PM(I)  < 12%  ruga.  Due 
to  the  paucity  of  Beldt  with  surface  layer  noistara  betwera  3 
and  12%  at  the  time  of  the  1974  uxpe.'lirut,  we  could  not 
determine  whether  the  platuu  in  Fi  ia  a naiurel  future  or  u 
artifact  of  the  model.  The  platuu  ia  foud  in  the  calculationa 
independent  of  the  size  of  the  layers.  If  tho  pitteau  were  an 
artifact  it  would  mult  from  a very  poor  rc(  reacr.,auon  of  the 
compin  dielectric  coefllciut  of  moist  soi'  . > sums  to  be 
an  unlikely  source  of  serious  error  since  - : sctric  coeffi- 
deau  were  meuured  in  waveguidu  using  i ; soils  (>Vew- 
tM  and  McCMIan.  1973]. 

Sensitivity  to  moiatura  gradients  wu  te.  .omparing 
prsdictioiu  for  proBlu  with  very  steep  gradiuts  with  those  of 
the  *normaT  proBle.  In  Figure  4 we  have  alto  plotted  ruults 
with  PM(2)  > 20%  and  more  moisture  at  grutcr  depths.  We 
find  that  the  cate  PM(1)  > 1%  and  PM(2)  - 20%,  a moist  toil 
with  a very  dry  crust,  wu  indistinguithable  from  a relatively 
dry  soil  with  PM(I)  * 4%  and  PM(2)  - 6%.  BeuuMofraults 
of  this  type  it  riy  be  impotaible  to  make  an  unambiguous 
determination  of  toil  moittura  with  one  brightneu  temper- 
ature observation. 

In  Figum  So  and  ib  we  have  plotted  the  percut  contribu- 
tion of  the  variou  layers  to  the  total  brightneu  temperature 
under  'normal  profile'  eonditiou.  Moat  of  the  auaping  radia- 
tion at  3f-bud  is  generated  in  the  top  2 cm  of  soil.  The 
contributions  to  the  emitted  radiation  at  21  cm  come  from' 
much  deeper  in  the  soil.  Chuging  the  gradients  of  the  moia- 
tura changu  the  relative  contributions  of  the  diflierent  layers, 
but  the  sum  of  the  terms  ia  about  constant  for  a given  ’*M(  I ). 
Cthlar  and  Ulaby  [1973]  have  sugguted  that  the  prec..tsd 
corralatiom  of  T,  and  with  PM(  1 ) multa  from  the  fact  that 
the  change  in  dielectric  coefficient  at  the  air-aoil  interface 
dominatn  over  subsurface  gradienu  in  determining  wh.rt  radi- 
ation can  get  through  the  surface. 

To  summarize,  we  have  developed  a simple  radiative  trans. 
far  model  for  microwave  emiaaiou  from  soils.  By  considering 
the  Stokn  parametera  F - 1/2(7,  + r«)  and  Q > T.  - T«  we 
have  found  that  the  model  predicts  the  following: 

1.  Both  P and  <2  are  sensitive  to  the  moiatura  content  of 
toil.  Q is  more  sensitive  in  the  range  0-13%  and  F it  more 
sensitive  for  moiatum  >13%. 

2.  Q ia  sensitive  to  ibe  look  angle  of  the  antenna  but  P it 
not  If  the  mgjor  eflTect  of  roughneu  it  to  change  the  effective 
look  angle  of  the  detector  (which  it  true  in  the  geometric  optiu 
limit)  than  P should  be  independent  of  roughneu. 

3.  Changu  in  the  toil  temperature  are  reflected  by  a simi- 
lar shift  in  P and  by  smaller  shifts  in  Q. 

4.  Both  P and  Q should  corralate  with  PM(  1 ) but  not  with 
the  gradient  in  soil  moiatura.  Tbit  it  true  dupite  the  fact  that 
the  emitted  radiauon  may  be  generated  wdl  below  the  surface. 

Discussion 

The  purpoM  of  this  taction  it  to  consider  the  radiometric 
dau  in  terms  of  the  P and  Q parametera,  using  the  radiauve 
transfer  model  u a quaiiutive  guide.  We  treu  the  afternoon 
and  dawn  X tni  L band  intentitiu  in  their  ralauon  to  (1) 
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Fif . 1.  CakuUMd  vtlu«  of  («)  f ud  (d)  Q U ^ bind  frtqumqf  for  viriow  look  in|tai  w i funcuon  of  (he  moiMun 
priMM  in  tin  top  liyir  of  Mil.  A leiiur  plot  of  oburvid  vilun  of  it  i io>k  in|l«  of  49*  from  ih<  iftirnoon  HtirNt  n 
wp«r<!Rp?Kd. 


moittun  profllii,  (2)  tetnptrtturt  profiles,  and  (3)  each  other. 
The  ohsei^  2f>band  polariiations  are  compared  with  the 
radiative  transfer  modei  predictions.  From  a comparison  of 
polarizations  observed  during  the  afternoon  and  dawn  fiigbu 
we  adduce  evidence  for  the  nighttime  percolation  of  soil  mois* 
turs  to  the  surface. 

Before  considering  (he  microwave  signatures  per  se,  let  us 
pause  to  reflect  on  the  way  that  we  wish  to  represent  the 
parameter  we  have  been  calling  soil  moisture.  In  the  in* 
troduetion  we  noted  the  soil  teature  u a parameter  affecting 
the  microwave  radiation.  Teaturas  are  eapressed  as  the  percent 
weight  that  it  tend,  tilt  and  day.  Sand  particlat  are  defined  by 
the  size  range  2-O.OS  mm,  silt  particlet  ^ the  range  O.OS-0.002 
mm,  and  day  particlat  by  sizes  lest  than  0.002  mm.  Teatural 
information  it  needed  for  determining  the  moisture  holding 
characteristics  of  the  toil.  In  particular,  teature  information  is 
used  to  estimate  the  field  capacity  (FC)  of  the  soil,  i.e..  the 
amount  of  water  remaining  in  the  toil  2*3  days  after  an  irriga* 
don.  The  reiationthip  used  to  derive  field  capacity, 

FC  • 23.1  - OJlSa  + 0J2O  (11) 

where  Sa  tad  Cl  represent  the  percent  sand  and  day  in  the  toil 
sample,  wu  obtained  by  performiug  a multiple  regression  on 
data  from  100  toils  when  teature  and  moittun  ehartcferittics 
wen  known.  A new  parameter,  the  percent  field  capedty  can 
be  constructed 

F,  • (FM/FC)  X 100 

when  PM/  is  the  moittun  content  of  thayth  layer.  Using  this 
parameter  raducat  scatter  in  the  dau  due  to  different  soil 
teatursk. 

Figun  6 it  a plot  of  the  P values  observed  for  Tend  4.  bands 
(croitat  and  ardat)  on  the  first  afternoon  flight  of  April  3,  u a 
function  of  P|.  Linear  ngnttion  analytat  of  then  dau  sau 
show  that  for  Jf  and  4 bands 


2T.1  - 1.05P, 

(12) 

300.7  - 1.23P, 

(13) 

with  comlation  coeffidentt  R,  ■ -0.88  and  Ri  • -0.89.  A 
similar  ngression  performed  on  the  21  cm  data  with  u a 
function  of  the  average  percent  field  capadty  of  the  top  two 
layers  gives 

Pi  - 297.0  - 0.33  (P.)  (14) 

with  a correlation  coefficient  of  -0.73.  A comparison  of  P. 
and  Pi  values  from  the  tarns  fields  yields  the  rdationthip 

Pi  - I.04P.  + 0.64  (15) 

with  1 comlation  coeffident  0.90.  The  decrease  in  comlation 
coefficient  with  depth  combined  with  the  relatively  high  corre- 
lation between  Pi  and  F,  tends  to  confirm  the  model  prsdic* 


FM(i) 

Fi|.  4.  InihtMis  tsmpsrsturs  st  21  cm  for  'normal  proiils'  «i 
nadir  look.  Tbs  model  prsdicuoni  for  profilsi  v itb  FM(2)  • 20%  sod 
PM(/)  > 20  for  />  2 tie  slw  givtn. 


‘ii 


562 


Fit-5.  Percent  coathbutiou  of  (be  vuMus  layers  of  soil  to  thcvtititt  of  ^cakuUtcdframtlMndiiuvt  transfer  model  for 
(«)  X and  (b)  L bands  as  functions  of  the  percent  rnoisturt  in  the  top  centimeter  of  loii. 


tion  that  surface  modulations  tend  to  dominate  over  sub* 
surface  effects. 

The  morning  ground  truth  dau  set  was  limited  to  six  fields. 
Linear  regression  analyses  of  X and  L bard  Intensities  give 


P.  - 256.4  - 0J7F, 

(16) 

Pt  - 286.4  - 0.40F, 

(17) 

with  correlatioa  coefficients  A.  ■ -c  94  and  Ki  " -0.93.  A 
comparison  of  these  relationships  with  (12)  and  (13)  shows 
that  the  . jand  temperatures  are  changed  more  dramatically 
in  magnitude  than  the  L band  temperatures.  The  reason  for 
this  lies  in  the  fact  that  the  major  contributions  to  the  L band 
intensity  come  from  deeper  in  the  soil  than  those  of  the  X 


tarnuaincTria  sicasoauim 

Fi|.  6.  Scatter  plot  ofob)trvadT(croMai)  and  L(cudas)  band  P 
value  dunni  ihe  afternoon  of  Apnl  S,  1974.  u a function  of  the 
percent  held  capacity  of  the  top  layer  of  soil. 


band.  Since  the  diurnal  temperature  variation  of  deeper  layers 
is  less,  the  effect  is  not  surprising.  Our  interpreution  of  this 
effect  is  corroborated  by  comparing  dawn  values  of  P,  and  Pt 
with  IR  surface  temperature  [Schnaigf#  n of..  1976).  Values  of 
P,  were  always  less  than  Ti*.  However  for  many  dry  fields  Tm 
was  less  than  P^.  An  apparent  ‘emissivity'  greater  than  one 
indicates  that  most  of  the  L band  radiation  from  these  dry 
fields  originated  deep  in  the  soil  (Figure  5P)  where  measured 
physical  temperatures  were  significantly  higher  than  the  sur* 
face  IR  temperature. 

A second  point  is  the  difference  in  slopes.  This  is  a moisture- 
temperature  effect.  Due  to  the  relatively  high  heat  capacity  of 
water  and  the  cooling  effect  of  evaporation,  the  physical  tem- 
perature of  moist  soils  varies  less  over  a day  than  dry  soils.  For 
example  the  diurnal  range  of  a very  dry  field  (<2%  at  the 
surface)  was  observed  to  be  34*C  while  for  a moderately  moist 
field  (>I0%  at  the  surface)  the  range  was  23*C.  The  ^ect  of 
this  difference  on  microwave  signatures  is  to  rorate  the  P/Fi 
curves  to  lower  slopes  u we  pass  from  afternoon  to  dawn 
observations. 

A linear  regression  wu  also  performed  on  the  full  set  of  X 
and  L band  data  from  the  dawn  flight  (whether  c'  not  we  had 
ground  data  on  the  field).  The  relationship  was  calculated  to 
be 

- 1.32F.  - J4.9  (18) 

with  a correlation  coefficient  of  -0.39.  The  increased  slope  >n 
comparison  with  the  afternoon  observations  (equation  (i:)) 
tends  to  confirm  the  hypothesis  that  L band  radiauon  comes 
from  deeper  layers  of  the  soil.  The  high  correlation  coefficient 
between  the  X and  L band  results  supports  the  conclusion  of 
CiUar  and  Ulaby  [1973]  that  :he  dielectnc  properties  of  the 
surface  layer  have  the  dominant  effect  in  determining  the 
emission  from  the  surface.  This  result  needs  to  be  tested  with 
dau  over  a wider  range  of  soil  moisture. 

The  observed  values  of  (T,  - T*)  for  2.8  cm  radiation  are 
vaperimposed  on  Figure  36  as  a scatur  plot.  We  note  that  alt 
but  a few  points  fall  between  the  tO*  and  20*  curves.  The 
ma^or  exceptions  were  four  flat  tie.ds  designated  by  crosses 
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and  four  fields  tliat  were  planted  and  relatively  smooth  desig* 
nated  by  dotted  circles.  The  ^.^act  of  the  small  scale  roughneu 
appears  as  a smaller  shift  of  eiT'ctive  look  angle  from  the 
specular.  In  general,  the  effects  of  roughness  are  more  pro* 
nounced  in  listed  than  in  planted  fields.  Considering  only  dry 
fields  whos.:  percent  field  capacity  in  the  top  layer  was  less  than 
to  we  find  the  polarintion  observed  in  tirnd  fields  to  be 
12.2  ± 2.0*  while  on  planted  fields  it  wu  14.2  ± 16*.  Had  the 
fields  been  perfectly  smooth  we  would  expect  Q values  between 
40*  and  50*.  We  also  note  that  for  moisture  less  than  15%.  Q 
unambiguously  increased  with  moisture.  However,  on  the 
basis  of  polariiation  alone,  it  would  be  difficult  to  distinguish 
between  a dry  flat  field  and  a wet  rough  one.  Joined  with  the 
intensity  information,  the  distinction  is  unmistakable. 

Despite  the  small  number  of  fields  sampled  at  the  time  of  the 
dawn  flight,  evidence  for  a general  percolation  of  moisture  to 
the  surface  can  be  found  in  the  X band  observations.  The 
radiative  transfer  model  predicts  that  Q is  sensitive  to  moisture 
and  to  look  angle  as  medated  by  surface  roughness  but  not  to 
soil  temperature.  By  comparing  microwave  polarization  obser- 
vations from  fields  on  the  first  afternoon  flight  with  those  at 
dawn,  wc  hold  the  look  angle  (roughness)  parameter  constant. 
If  the  moisture  were  constant  and  the  temperature  decreased 
by  20*.  then  the  value  of  Q should  decrease  by  about  2*.  If.  on 
the  other  hand,  the  moisture  increased,  the  Q should  also 
increase.  Figure  7 is  a scatter  plot  of  observed  morning  values 
of  0 as  a function  of  the  afternoon  values.  The  line  “ 
- 2*  is  drawn  for  reference.  We  find  that  all  but  6 of  the 
96  fields  fall  above  this  line.  One  of  the  fields,  number  60.  was 
wet  during  the  day  and  should  be  less  moist  due  to  free 
evaporation.  The  other  fields  were  observed  at  the  end  of  the 
flight  and  probably  represent  a sunrise  effea  on  the  surface. 

We  submit  that  this  general  shift  in  the  observed  polariza- 
tion values  constitutes  the  microwave  signature  of  the  per- 
colation effea  described  by  JacksoH  (1973].  This  result  is  also 
consistent  with  the  ground  measurements.  A linear  r^rcssion 
analysis  of  the  percent  moisture  in  the  fint  layer  during  the 
morning  as  a funaion  of  the  moisture  in  that  layer  during  the 
previous  afternoon  gives 

PM(I)«,  - l.63PM(l),«  + 0.31  (19) 

with  a correlation  coeffidep.:  of  0.94. 

In  some  respecu  the  results  of  the  experiment  . 'e  disap- 
pointing. wu  hoped  that  by  using  a multifrcquency  micro- 
•■-ave  system,  the  moisture  content  of  the  soil  mi^t  be  inferred 
down  to  100  cm  from  one  set  of  observations  [ffoe  er  of.,  1971  ]. 
Such  is  not  the  case.  Both  radiative  transfer  theory  and  our 
observations  suggest  that  we  can  only  knew  the  moisture 
content  of  the  near  surface  with  any  confidence.  But  not  all  is 
lost  We  have  seen  that  different  bits  of  information  about  the 
thermal  and  moisture  propertiu  of  the  soil  can  be  gained  by 
making  observations  at  different  times. 

The  microwave  signatures  of  soil  mr-T’ure.  if  observed  peri- 
odically. can  be  used  tn  construa  the  history  of  the  near 
surface  moisture.  CUUar  and  Ulaby  [1975]  have  argued  that  the 
moisture  history  of  the  subsurface  must  be  inferred  using 
water  balance  models  based  on  the  prinaples  of  soil  physics. 
Regular  microwave  observations  of  the  surface  soil  moisture 
will  provide  the  input  boundary  condiuons  for  such  models. 
This  should  afford  an  improvement  o>'cr  the  point  rainfall  data 
currently  used. 

SuMMAXY  AND  Conclusions 

The  pnmary  goal  of  the  April  5 and  6, 1974,  flights  over  the 
Phoenu  site  wu  lo  study  the  feasibility  of  quantifying  the 


Fig.  7.  Scatter  plot  of  observed  Q values  at  X band  during  the 
morning  of  April  6.  as  a function  of  their  valurt  the  previous  aher- 
.loon. 

effects  of  the  nonuniform  vertical  distribution  of  moisture, 
surface  roughness,  and  soil  type.  Despite  the  disappointing 
range  of  moisture  in  the  surface  layers  of  the  studied  fields,  the 
mission  wu  productive.  Our  understanding  of  the  microwave 
signaturu  of  agricultural  scenes  hu  been  enhanced  consid- 
erably. Some  new  items  of  understanding  include  the  follow- 
ing: 

1 . By  simultaneously  observing  T,  and  Tm  we  can  form  the 
parameters  P ■ l/2(r,  + T*]  and  Q • T,  - Th-  It  has  been 
shown  that  moisture  and  surface  roughness  effects  can  be 
separated  by  a comparison  of  these  parameters. 

2.  By  comparing  afternoon  and  dawn  observations  of  'P 
for  the  X~  and  t-bands,  we  found  that  the  slope  of  the  P v ersus 
F plot  depends  on  the  time  that  the  observation  is  made,  with 
the  afternoon  observations  yielding  the  greater  slope.  The 
improved  correlation  obtained  when  soil  moisture  is  expressed 
u a percent  of  field  capacity  (P)  indicates  that  the  effects  of 
variations  of  soil  type  can  be  accounted  for. 

3.  By  comparing  the  values  of  Q u observed  during  ihe 
afternoon  snd  dawn  flights,  we  find  that  the  microwave  signa- 
ture of  the  surface  rewetting  effea  described  by  Jackson  [1973] 
is  an  increase  in  Urn  polarization.  As  yet,  the  data  set  is  too 
small  to  calib.'stc  rite  change  of  Q with  the  amount  of  water 
that  hu  moved  to  the  surface. 

4.  By  comparing  the  response  of  P,  and  Fl  to  the  changes 
baween  aften.oon  and  dawn,  we  confirmed  the  prediction  of  a 
radiative  transfer  theory  that  the  2I-cm  radiation  reaching  the 
antenna  comes  from  much  deeper  in  the  soil  than  the  2.S-cm 
radiation.  However,  the  high  correlation  (~0.9)  baween  P, 
and  P(  observed  in  both  the  afternoon  and  predawn  data 
confirms  the  somewhat  paradoxical  model  prediction  that  the 
surface  laya  dominatu  over  subsurface  gradient  effects  at 
both  wavdengths. 

This  final  conclusion  is  a major  disappointment.  It  was 
hoped  that  gradient  information  could  be  obtained  by  com- 
panng  a single  sa  of  2.8-  and  21-cm  observations.  Pahaps  a 
study  based  on  a wider  variety  of  moisture  profilu  will  suggest 
a practical  way  around  the  impasse. 

Ruults  have  indicated  that  the  effea  of  soil  type  is  well 
undentood  and  that  emission  from  the  soil  is  dominated  by 
the  dielcanc  properties  of  the  surface  layer,  which  for  this  cue 
wu  I or  2 cm  thick.  In  addition,  rnese  ruults  have  indicated  a 
possible  new  approach,  that  is.  the  use  of  Stoku  parameters, 
in  our  efforts  to  quantify  the  effects  of  surface  roughneu.  To 
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verily  the  ueefulneis  of  these  partraeten  for  seperatinf  the 
eflecu  of  roughness  an4  soil  moisture,  dau  over  a wider  range 
of  moiuuie  conditions  is  required.  To  accomplish  this,  the 
eaperiment  was  essentially  repeated  in  March  197S  with  ssv* 
eral  significant  changes.  By  moving  the  flight  in  mid-March, 
we  increased  the  probability  of  observing  the  needed  wider 
variety  of  moistures.  The  altitude  of  the  off  nadir  runs  was 
decreased  to  400  m from  800  m to  reduce  the  footprint  of  the 
2i-cm  radiometer  from  280  m to  140  m.  Additional  non- 
scanning  radiometers  were  added  with  wavelengths  of  1.67, 
1 .36,  and  0.8  cm.  The  data  from  this  experiment  are  still  being 
reduced  for  analysis. 
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Abtiract.  During  the  AIDJEX  Mam  Expentnem.  .April  10''5  through  Mav  1976.  a comprehensive 
microwave  sensing  program  was  performed  on  the  sea  ice  of  the  Beaufort  Sea  Surface  and  aircraft 
measurements  were  obtained  dunng  all  seasons  using  a wide  variety  of  active  and  passive  microwave 
sensors.  The  surface  program  obtained  passive  microwave  measurements  of  various  ice  types  using  four 
antennas  mounted  on  a tracked  vehicle  In  three  test  regions,  each  with  an  area  of  approvimatelv 
1.5  X 10*  m*.  detailed  ice  crystallographic,  dielectric  properties,  and  brightness  temperatures  of  hrst- 
year,  multiyear,  and  llrsi-vear 'multiyear  mixtures  were  measured  .A  NASA  aircraft  obtained  passive 
microwave  measurements  of  the  entire  area  of  the  AIDJEX  manned  station  arrav  (triangle)  during  each 
of  18  flights.  This  verified  the  earlier  reported  ability  to  distinguish  tirsl-vear  and  multiyear  ice  types  and 
concentration  and  gave  new  information  on  ways  to  observe  ice  mixtures  and  thin  ice  ivpes  The  active 
microwave  measurements  from  aircraft  included  those  from  an  X-  and  L-band  radar  and  from  a 
scatterometer  The  former  is  used  to  study  a wide  variety  of  ice  features  and  to  estimate  deformations, 
while  both  are  equally  usable  to  observe  ice  tvpes  With  the  present  data,  only  the  Kaiterometer  can  be 
used  to  distinguish  positively  multiyear  from  lirst-vear  and  various  tvpes  of  thin  ice  This  is  best  done 
using  coupled  active  and  passive  microwave  sensing. 


1.  Description  oi  L.«p«rimenl 

The  Arctic  Ice  Dynamics  Joint  E.xpenmcnt  (.AIDJEX)  was  a 5-ycar  experiment 
designed  to  achieve  a better  understanding  of  the  behavior  of  .Arctic  sea  ice  Three 
pilot  experiments  in  the  Beaufort  Sea  dunna  the  spring,  of  19"0.  19“’ I . and  W! 
preceded  the  Mam  c.xpenment  which  ran  from  March  19*5  through  .April  1976. 
The  design  of  all  the  field  experiments  stressed  the  need  of  acquinng  remotely 
sensed  ice  data  in  order  to  accomplish  the  scientific  goals.  The  remote  sensing 
programs  for  the  early  experiments  demonstrated  new  approaches  for  ice  obser- 
vation; by  the  time  of  the  main  expenment.  therefore,  a comprehensixe  remote 

Boundary -Layer  Sfeteorology  13  |19'8)  .All  Rights  Reseried 
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sensing  plan  based  on  the  use  of  aircraft  and  satellite  data  had  been  developed 
(Weeks  and  Campbell.  1975). 

One  of  the  exciting  aspects  of  the  pilot  studies  was  demonstrating  the  possibility 
of  attaining  an  alNtime,  all-weather  capability  of  ice  observation  by  microwave 
techniques  (Wilheit  tt  ai,  1972;  Gloersen  et  ai,  1973;  Campbell  et  ai,  1974). 
Thus,  the  remote-sensing  program  of  the  AIDJEX  Main  Experiment  put  great 
stress  on  both  active  and  passive  microwave  sensing  based  on  aircraft  and  surface 
observations  of  all  ice  types  during  all  seasons.  Here  we  wish  to  present  an  overview 
of  this  program. 

The  major  part  of  the  aircraft  observational  program  was  performed  by  the 
NASA  Convair  990  Airborne  Labt  <tory,  which  flew  18  missions  during  4 exten- 
ded periods  in  the  spring,  summer,  and  fall  of  1975  and  the  spring  of  1976.  referred 
to  as  phases  one  to  four,  respectively.  Important  microwave  data  were  also 
acquired  by  two  Canadian  aircraft  of  the  Department  of  Na..c  isl  Defence  (DND); 
an  Argus  and  C-47  remote-sensing  aircraft.  Table  I lists  the  sensors  and  various 
remote-sensing  platforms. 

The  difficult  task  of  coordinating  these  flights  and  guiding  them  accuraiely  over  a 
large  and  constantly  shifting  and  deforming  sector  of  the  Beaufort  Sea  ice  was 
helped  considerably  by  two-way  communication  between  the  main  ice  camp  (Big 
Bear)  and  the  air  field  from  which  most  of  the  flights  originated  (Eielsen  AFB  near 
Fairbanks)  via  satellite  link,  by  operating  radio  beacons  at  the  three  ice  camps  at 
the  apexes  of  the  triangle,  and  by  the  use  of  inertial  navigating  systems  in  the 
aircraft.  The  positions  of  the  AIDJEX  triangle  during  the  four  phases  of  the 
remote-sensing  program  are  shown  in  Figure  1.  A great  deal  of  the  actual  accom- 
plishment of  these  difficult  and  numerous  missions,  every  one  of  which  was  suc- 
cessful, was  due  to  the  flying  skills  of  the  aircraft  crews. 

The  remote-sensing  programs  of  the  pilot  experiments  clearly  showed  the  need 
for  a variety  of  surface  measurements  in  order  to  interpret  and  analyze  the  aircraft 
data  accurately;  therefore  this  aspect  of  the  main  experiment  was  emphasized.  A 
Canadian  flextrack  vehicle  carrying  three  boom-mounted  microwave  radiometers 
and  an  infrared  radiometer  operated  in  the  area  of  the  main  camp  during  the  two 
spring  seasons  (Table  I).  Three  test  zones  near  the  main  camp  were  selected  for 
detailed  study.  One  was  exclusively  composed  of  first-year  (FY)  ice.  one  was 
primarily  composed  of  multiyear  (MY)  ice,  and  one  was  a mixture  of  primarily  MY 
and  some  second-year  ice.  Each  zone  had  an  area  of  approximately  1.5  x lO**  m^ 
Within  these  zones  the  surface  brightness  temperatures  (T»)  were  mapped  under  a 
variety  of  weather  and  temperature  conditions.  In  addition,  detailed  dielectric 
stniaural  and  textural  measurements  were  performed.  Two  10-km  test  lines  were 
also  seleaed  which  were  overflown  repeatedly  at  low  altitudes  by  the  aircraft. 
These  lines  transected  a wide  variety  of  ice  features  including  a large  lead  adjacent 
to  the  main  camp  in  which  many  thin  ice  forms  were  observed. 

The  surface  measurements  were  carried  out  during  relatively  stable  periods 
(spring  1975  and  1976,  fall  1975)  and  coincided  with  the  vanous  aircraft 
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Fig.  1.  Map  of  AIDJEX  study  site  ihowv.ig  locations  of  AIDJEX  station  triangle  during  the  four 
phases  of  the  remote  sensing  experiment. 


overflights,  except  during  the  sunimer  of  1975  when  no  detailed  surface  measure- 
ment program  took  place. 


2.  In  Situ  Observations 

All  the  in  situ  measurements  were  made  at  Big  Bear,  the  original  main  AIDJEX 
camp.  The  main  objeaive  was  to  observe  changes  in  the  physical  properties  and 
surface-brightness  temperatures  caused  by  the  summer  melt.  Three  large  test  sites 
were  established  and  surveyed  during  April  1975.  The  plan  called  for  resurvey  of 


the  sites  in  the  fall.  Unfortunately,  Big  Bear  had  to  be  evacuated  during  October 
1975  and  no  radiometric  measurements  were  made.  The  abandoned  camp  wu 
revisited  and  resurveyed  during  April  1976;  it  was  found  that  there  had  be:.:  a Ion 
of  about  50%  of  the  multiyear  floe  test  areas  of  the  original  Big  Bear  camp  and  the 
entire  runway  area  which  in  the  spring  of  1975  had  consisted  entirely  of  first-year 
sea  ice. 

The  pauive  microwave  measurements  were  made  by  three  microwave 
radiometers  from  Aerojet  Electro  Systems  mounted  on  an  adjustable  platform 
above  a flextrack  vehicle  (see  Table  I).  The  data,  including  infrared  surface  tem- 
peratures. were  recorded  on  magnetic  tape.  The  physical  properties  were  measured 
using  standard  field  techniques  (Meeks  etal.,  1974a,  b).  A more  detailed  description 
and  analysis  of  the  AIDJEX  remote  sensing  program  conducted  at  Big  Bear  will  be 
published  later  after  all  data  have  been  reduced. 

2.1.  Physical  properties 

Salinity,  temperature,  density,  and  surface  roughneu  of  the  ice  are  among  the  most 
important  properties  determining  the  signatures  of  passive  and  active  microwave 
sensors.  In  this  discuNion  there  are  two  classes  of  ice  we  would  like  to  distinguish  - 
first-year  (FY)  and  multiyear  (MY)  ice.  During  phase  I.  the  FY  ice  in  the  Big  Bear 
area  (Figure  1)  reached  a maximum  thickness  of  1.7S  m towards  the  end  of  June 
1975.  The  salinity  c»..rve  shown  in  Figure  2,  labeled  FY,  was  obtained  during  April 
1975  from  our  Venus  site  (airstrip).  This  a typical  thick  FY  ice  profile  with  a 
thickness  of  1.61  m.  Near  the  top,  the  salinity  is  very  high,  as  it  is  at  the  ice-water 
interface.  Large  fluctuations  near  the  top  are  often  associated  with  rafting,  i.e.. 
overriding  of  a piece  of  ice  on  another.  From  a depth  of  0.9  m to  tne  skeleton  layer, 
which  is  about  0.5-m  thick  at  the  bottom  of  the  ice  layer,  the  salinity  fluctuates 
between  4 and  5%. 

' During  the  summer,  melt  ponds  form  on  the  surface  of  the  ice,  collecting  water 
from  melting  snow  and  eventually  from  melting  ice  on  the  surface.  The  melt  water 
percolates  through  the  surface  layers  of  ice,  entraining  at  the  same  time  the  brine. 
This  causes  a complete  desalination  of  the  ice  surface  layer,  as  evidenced  by  the 
curve  shown  in  Figure  2 labeled  FY-»- 1.  The  bulk  of  the  ice  brine  is  lost  to  the  ocean 
through  a network  of  brine  channels.  The  curve  FY  1 was  plotted  from  samples 
obtained  during  October  1975  near  the  same -location  N the  sample  FY.  Its 
thickneN  was  1.28  m.  which  means  that  a net  thickneN  lou  of  0.47  m occurred. 
The  lou  is  0.20  m due  to  surface  melt  and  0.27  m due  to  melt  at  the  ice-water 
interface.  The  bulk  salinities  below  the  surface  layers  vary  between  3-4% . Changes 
in  the  salinity  profiles  between  the  late  fall  and  April  of  the  following  year  are 
minimal  except  for  those  of  the  new  ice  which  commences  growth  at  the  fall 
ice-water  boundary  and  exhibits  salinities  of  the  sa.me  level  as  FY  ice. 

Similar  changes  causing  further  desalination  are  observed  in  the  upper  part  of 
MY  ice  as  evidenced  by  the  curves  labeled  MY  and  MY  -t- 1 in  Figure  2.  The  mcsi 
significant  change  takes  place  in  MY  ice  at  a depth  of  approximately  1.15  m.  The 
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Fig.  2.  Stlinicy  as  a functioa  of  depth  below  surface  of  ice  observed  in  (a)  first>year  ice  (FY);  (b) 
lint^year  plus  I year  (FY  * 1):  (c)  multiyear  ice  (MY);  and  (d)  multiyear  plus  1 y*ar  (MV  1).  Only  for 
curves  FY  and  FY  -v  1 has  the  total  thickness  been  shown,  whereu  the  other  curves  would  extend  to 
greater  depths.  FB  designates  the  respected  freeboard  for  each  curve. 


bulk  increase  in  salinity  from  1-1.5%  to  2-3%  now  occurs  at  the  1.4-m  depth  for 
the  MY  1 curve. 

The  density  for  FY  as  shown  in  Figure  3 is  high,  usually  fluctuating  around  0.90 
to  0.92  g cm~^,  with  the  exception  of  the  surface  layer,  which  often  is  slightly  below 
this  value.  Because  of  the  irregular  surface  and  the  high  onne  content  of  the  FY  ice, 
it  is  very  difficult  to  measure  the  density  of  the  surface  layer  to  any  reasonable 
accuracy.  In  most  cases,  however,  it  is  above  0.8  g cm~^  (Ramseier  et  al.,  1975).  For 
ice  older  than  FY,  the  near  surface  density  is  much  lower  than  for  FY  ice.  It  is  not 
uncommon  that  the  surface  density  exhibits  a linear  extrapolation  of  the  trend 
shown  near  the  surface  in  Figure  3 by  curves  MY  and  MY  1.  From  the  examina- 
tion of  the  densities  of  many  samples,  it  can  be  seen  that  the  fluctuations  in  density 
for  ice  older  than  FY  ice  are  always  much  larger  than  those  for  FY  ice.  The 
freeboard  (FB),  as  in  the  cases  illustrated,  occurs  at  a depth  in  the  ice  where  the 
density  becomes  greater  than  0.8  g cm*’ 
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Fig.  3.  Density  u s function  of  depth  below  surface  of  ice  observed  in  FY  and  MY  ice.  The  MY  1 was 
measured  in  the  fall  when  its  freeboard  tends  to  be  above  the  MY  ice. 


During  the  summer,  when  melt  occurs,  the  ice  is  at  or  very  near  the  melting  point 
for  long  periods  of  time.  In  addition  to  the  desalination  mentioned  earlier,  the 
surface  layers  undergo  complete  recrystallization.  Figure  4 represents  a thin  section 
of  FY  ice  0.10  m wide.  These  sections  are  usually  prepared  on  a microtome  to  a 
thickness  between  0.02  and  O.OScm,  and  then  photographed  between  crossed 
Polaroid  filters.  This  technique  reveals  the  crystal  structures  of  ice  samples  as 
evidenced  by  these  Figures  4a  and  4b,  the  latter  one  representing  MY  ice,  i.e.,  FY 
ice  recrystallized  VfY  ice  going  from  Figure  4a  to  4b. 

Very  often  FY  ice  has  a surface  layer  consisting  of  frazil  ice,  i.e.,  the  grains  are 
equiancrl  in  one  plane  but  very  thin  in  the  direaion  of  depth.  The  crystallographic 
orientation  is  random  and  the  grain  size  varies  between  0. 1 and  0.2  cm.  This  layer  is 
usually  responsible  for  the  high  salinity  content  near  the  surface  and  the  somewhat 
lower  density.  The  thickness  of  the  layer  can  vary  substantially  between  0.02  and 
<0.36  m (Ramseier  ef  a/„  1975).  This  layer  is  followed  by  columnar  ice,  which 
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F.I-4.  Thin  scaion  ot  it)  FY  ice  and  ib)  MY  ice  \fY  ice  n derived  trom  FY  ice  through  lummcr  melt 
and  complete  recrv-Malltzation.  Th:*  it  gen^rallv  true  (or  the  part  above  the  FB  Further  below,  the 
columnar  tiructure  it  usually  maintained  but  at  a lower  taltniiy.  The  width  ot  the  thin  section  u d.  10  m. 
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exhibits  a high  density,  elongated  grains,  and  a preferred  crystallographic  orien- 
tation. In  contrast.  Figure  4b  shows  the  surface  part  of  a MY  ice  thin  section.  It  is 
quite  evident  that,  due  to  recrystallixation,  there  is  no  resemblance  between  FY  and 
MY  ice.  The  grains  are  equiaxed,  varying  in  size  between  0. 1-0.3  cm,  and  have  a 
random  crystallographic  orientation.  The  density  is  low,  as  discussed  earlier,  and 
the  ice  is  completely  desalinated  above  the  freeboard  (Meeks  et  ai,  1974a). 

It  is  important  to  appreciate  these  variations  in  material  properties  of  FY  and 
MY  sea  ice,  especially  the  changes  which  take  place  near  the  surface,  because  it  is 
these  variations  which  determine  the  dielectric  prrperties  of  the  ice  and  produce 
the  signatures  one  observes  from  passive  and  active  microwave  sensors. 

2.2.  Dielectric  properties 

The  key  to  any  meaningful  understanding  of  microwave  signatures  of  ice  requires  a 
knowledge  of  the  dielectric  behavior  of  sea  ice,  i.e.,  the  values  for  the  real  (s’)  and 
imaginary  (<*)  part  of  the  dielectric  constant  as  a function,  of  frequency,  tem- 
perature, salinity,  density,  and  orientation  of  the  ice.  For  brine,  t'  and  t"  are  much 
larger  than  for  pure  ice,  so,  despite  the  smaller  quantity  of  brine  present,  its 
influence  will  dominate  the  dielectric  behavior  of  the  mixture.  It  is  apparent  that 
the  placement,  shape,  and  orientation  of  the  brine  inclusions  in  the  ice  sheet  will 
have  a profound  influence  on  the  dielectric  oroperties. 

Measurements  of  the  in  situ  properties  of  ice  and  the  recent  work  by  Vant  (1976) 
on  the  dielectric  properties  of  predominantly  FY  ice  and  some  MY  ice  have 
enabled  localization  of  the  effect  of  some  of  the  variables  mentioned  earlier. 

To  determine  the  dielectric  properties,  a novel  type  of  wideband  (100  MHz  to 

7.5  GHz)  'coaxial-cage'  transmission  line  was  designed  bas*d  on  an  earlier  study  by 
Vant  et  ai.  (1974)  It  measured  FY  ice  samples  over  a wide  range  of  salinities  (S.  1 to 

10.5  %•)  and  temperatures  (-5*C  to  -4*C)  during  April  1975  at  Big  Bear.  A 
somewhat  less  comprehensive  set  of  measurements  was  made  on  MY  sea  ice 
samples. 

Figure  5 summarizes  the  dielectric  absorption  losses  obtained  as  a function  of 
frequency  during  the  AIOJEX  study.  Results  by  other  investigators  have  been 
included  for  comparison.  The  solid  line  represents  the  prediction  for  the  absorption 
losses  based  on  the  theoretical  model  developed  by  Vant  (1976).  The  basic  physical 
properties  of  ice  required  in  the  model  are  the  salinity  5,  the  temperature  T.  and  the 
density  p.  In  addition,  some  derived  information  such  as  the  ellipsoid  axial  ratio  a/b 
and  the  angle  of  oriental  on  $ of  the  ellipsoids  is  required.  The  brine  inclusions  are 
represented  by  the  ellipsoids. 

2.3.  Passive  microwave  me.-  .urements 

In  general,  the  surface  microwave  measurements  were  performed  as  described  by 
Meeks  a ai.  (1974b).  The  test  areas  on  the  MY  ice  floes  Neptune  (,V)  and  .Xpolio 
(A)  measured  150 x 200  m and  were  located  adjacent  to  Big  Bear.  Each  short  side 
of  the  rectangular  area  was  divided  into  10-m  intervals,  and  the  16  tracks,  each 
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200  m long,  were  then  surveyed  with  the  radiometers  and  PRT-5  mounted  on  the 
flextrack  (see  Table  I). 

Figure  6 shows  the  April  1975  brightness  temperatures  (Ta)  plotted  in  the  form 
of  histograms.  The  measurements  were  made  at  15,  30,  and  45*  viewing  angles. 
Figure  6 shows  on'y  the  45*  angle  data  for  the  wavelength  of  2.2  and  0.81  cm  at 
both  vertical  (V)  and  horizontal  (H)  polarizations.  Also  shown  in  the  histograms 
are  the  calculated  average  brightness  temperatures  for  the  given  variables.  It  is 
interesting  to  note  that  the  S area  has  an  average  which  is  slightly  below  that  for 
A.  Even  though  the  difference  is  small,  area  N did  h?ve  a section  which  wu  rather 
hummocky,  resulting  in  lower  as  evidenced  by  tailing  off  of  the  histogram  at  the 
2.2-cm  wavelength  for  both  the  horizontal  and  vertical  polarizations  as  compared 
to  the  equivalent  A measurements.  The  histogram  also  shows  that  A had  more  ice 
of  higher  T»  than  ,V.  By  comparing  the  shape  of  salinity  curves  such  as  in  Figure  2. 
there  is  a strong  indication  that  the  associated  brightness  temperature  with  the 
FY  + 1 ice  is  in  the  range  of  210-220  K for  H polarization  and  21C-250  K for  V 
polarization.  Even  though,  on  the  whole,  there  was  not  much  second*year  ice 
present.  A had  about  double  the  amount  of  iV.  The  rest  of  the  ice  in  both  areu 
consis^d  of  MY  ice.  The  arrows  in  each  histogram  represents  the  Juno  snow*free 
ice  r.  as  plotted  from  Table  II.  Table  II  si  lunarizes  the  average  T»  in  terms  of 
frequency,  polanzation,  look-angle  (45*  or  nadir  (,V)  for  three  test  sites  with  Juno 
representing  FY  ice).  .A  number  uf  important  deductions  can  be  made. 
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By  comparing  the  polanzanons  at  both  wavelengths,  ic  is  clear  that  the  longer 

wavelength  gives  a larger  AT**  than  (he  shorter  wavelength. 

— At  the  shorter  wavelength,  the  AT,  is  greater  for  MY  than  for  FV'  ice. 

— It  is  quite  evident  that  FY  ice  can  clearly  be  distinguished  from  MY  ice  even 
at  the  shorter  wavelength.  This  applies  also  to  a nadir-looking  instrument. 
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TABLE  II 


Average  brightneu  (emperamret  for  multiyear  and  dm  year  areas 


Wavelength 

Neptune 

ApoUo 

Juno 

Juno 

(MY) 

(MY) 

(FYI 

tnowfree 

A 

f» 

n 

n 

cm 

K 

K 

K 

K 

2.2  H (45) 

200 

202 

220 

196 

2.2  V (45) 

230 

234 

243 

2.2  NADIR 

222 

228 

237 

225 

0.8  H (45) 

163 

176 

241 

222 

0.8  V (45) 

176 

188 

247 

243 

0.8  NADIR 

186 

200 

243 

236 

— There  is  also  an  indication  that  goii.g  from  nadir  to  a larger  viewing  angle 
improves  the  discrimination  between  FY  and  MY  ice. 

The  last  two  observations  confirm  those  made  by  Gloersen  er  a/.  (1973)  from 
data  collected  by  the  CV  990  aircraft. 

The  last  column  in  Table  II  represents  preliminary  results  on  the  effect  of  snow 
on  brightness  temperature.  The  following  deductions  can  be  made. 

— In  all  cases  the  T,,  is  lower  with  the  snow  removed  from  the  surface. 

— The  effect  of  snow  seems  to  be  more  pronounced  at  the  longer  wavelength. 

— In  both  cases  the  AT*  between  snow-free  and  snow-covered  ice  is  greater  for 
the  horizontal  polarization  than  the  vertical  one.  At  the  shorter  wavelength,  the 

for  vertical  polarization  is  very  small  and  could  be  considered  insignificant. 

— The  AT*  for  FY  ice  at  both  wavelengths  is  greater  for  snow-free  FY  ice  than 
for  ini'  ice  covered  with  snow.  In  fact,  at  the  shorter  wavelength  the  difference  is 
significant  with  snow-free  FY  ice  as  coihpared  to  snow-covered  FY  ice. 

In  conclusion  it  can  be  said  that  the  longer  wavelength  gives  good  discrimination 
between  H and  V •'olarizations  for  FY  ice,  whereas  the  shorter  does  not.  except  in 
the  case  of  snow-free  FY  ice.  The  shorter  wavelength  gives  excellent  discrimination 
between  FY  and  MY  ice  as  compared  to  the  longer  wavelength  where  the  dis- 
crimination is  not  so  prorounced.  The  effect  of  snow  cover  is  very  pronounced  on 
FY  ice.  which  may  have  some  important  considerations  in  the  interpretation  of 
Electronically  Scanning  Microwave  Radiometer  (ESMR)  imagery.  Indications  at 
present  are  that  this  is  also  the  case  for  MY  ice.  However,  this  will  have  to  await 
further  analysis  of  the  data. 

3.  Airborne  Passive  VCcrowave  Measurements 


3.1.  Genervl 

The  Electronically  Scanamg  Microwave  Radiometer  (ESMR)  defects  radiation  at  a 
wavelength  of  1.53  cm.  with  a brightness  temperature  sensitivity  and  stability  of 
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about  3 K and  a bcamwidth  of  2.S*  (Table  I).  It  was  used  previously,  in  1971  and 
1972,  for  producing  mosaic  images  of  earlier  AIDJEX  test  areas  (Gloersen  ti  ai, 
1973;  Campbell  et  ai.  1975a.  b.  1976).  As  in  the  past,  parallel  aircraft  tracks  were 
flown  during  the  Main  AIDJEX  Experiment  but  with  a 50%  overlap  of  the  * 50* 
scans  'of  the  ESMR  to  accommodate  the  Synthetic  Aperture  Radar  (SAR)  which 
views  only  to  one  side  of  the  aircraft. 

The  ESMR  images  of  the  test  area.  Figures  7 through  10,  were  produced 
automatically  by  a computer  using  latitude  and  longitude  data  from  the  aircraft's 
inertial  navigation  system.  The  data  shown  in  these  figures  are  averages  of  the  two 
values  obtained  for  each  map  pixel  as  a result  of  the  overlap.  A standard  map 
projection  was  used  with  the  center  of  the  projeaion  located  approximately  in  the 
center  of  the  image.  Because  the  test  areas  were  small,  the  map  projection  is  very 
nearly  rectilinear. 

3.2.  Morphological  variations 

On  comparing  the  microwave  and  photographic  mosaic  images  for  22  August  and 
18  August,  respectively  (Figures  8 and  18).  it  is  evident  that  all  the  medium-to* 
large  floes  thai  can  be  distinguished  in  the  photograph  are  also  discernible  on  the 
microwave  image.  These  same  fl'^s  are  also  readily  seen  on  27  August  (Figure  9) 
and.  except  for  the  large  aggregation  of  multiyear  ice  in  the  center  of  the  test  area, 
are  discernible  on  26  October  (Figure  10).  but  not  as  easily  on  21  April  (Figure  7). 
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Fig.  7 Electronicailv  Scannini  .vticrowav«  Radiometer  lESMRl  image  ai  a wavelength  of  I 55  cm  ot 

the  .AIDJE.X  area  on  II  Apnl.  19*5 
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Flf.  8.  Etectronically  Scinnin|  Mtcrowave  Radicnneier  (ESMR)  image  at  a «kavelength  o(  1.55  cm  of 
ihe  AlOJEX  area  on  2'  .August.  19‘’5 
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rig.  9 Elactromcally  Scanning  Microwave  Radiometer  (ESMR)  image  at  a wavelength  of  155  cm  ot 
the  AlDiEXareaon  22  August.  19'^ < 


On  21  Apnl.  the  rtoes  on  which  the  AIDJEX  camps  Blue  Fox  '7'  2S  N.  U3  oo  W) 
and  Caribou  (75.73  N.  U2.73  W)  were  located  can  be  distinguished  and  located  in 
the  other  three  microwave  images.  This  is  also  true  of  the  larger  floes  (.4).  The  floes 
on  which  the  other  camps  were  located  on  21  April  could  not  be  identified  on 
succeeding  images.  In  any  event,  it  is  clear  that  considerable  dynamic  activity  took 
place  within  the  .AIDJEX  triangle  in  the  period  from  21  Apnl  to  22  .August,  and 
that  the  deformation  was  not  as  intense  dunng  the  following  penods  .Also  clearly 
evident  dunng  these  studies  is  the  lowenng  of  the  microwave  emissivity  of  these 
individual  floes  in  October  compared  to  Apnl.  indicating  an  increase  in  the  multi- 
year fraction  in  the  floes.  In  fact,  since  these  floes  survived  the  summer  melt,  they 
are  by  definition  multiyear  floes  in  October  The  .Apnl  image  indicates  that  the  floes 
at  that  time  consist  of  small  multiyear  pieces  cemented  together  by  first-year  and 
new  ice.  Thus  we  have  observed  for  the  first  time  the  metamorphosis  of  specific  sea 
ice  floes  from  a mixture  of  ice  types  to  pure  multiyear  ice  over  the  summer  as 
evidenced  by  the  change  in  the  microwave  signatures. 

The  floes  exhibit  a distinctly  different  microwave  signature  in  .August.  The 
combined  process  of  melting  and  percolating  causes  a net  increase  in  the  vertically 
integrated  moisture  content  in  the  freeboard  volume  of  each  floe.  This  increases  the 
imaginary  part  of  the  index  of  refraction  (n'l  of  the  ice;  therefore  its  microwave 
emissivity  (Chang  er  j/..  19'’6:  Chatig  and  Gloersen.  19”5)  increases,  but  onlv  for 
n"  less  than  one.  As  t‘  increases  further,  the  emissivity  drops,  since  n'  then 
contributes  significantly  to  the  reflectivity  of  the  sunacc  This  phenomenon  has  also 


b«en  observed  experimentally  in  snowpacks  (Edgerton  etai.  1971).  Thus,  variation 
in  the  emissivity  of  the  floes  in  August  images  is  interpreted  as  variation  in  the 
liquid  water  content  in  the  freeboard  volume  of  the  floes.  Finally,  in  these  images, 
the  change  in  lead  orientation  from  predominantly  east-west  on  22  August  to 
north-south  on  27  August  is  noteworthy. 

Histograms  (not  shown)  of  the  brightness  temperatures  (T*)  represented  in  the 
four  microwave  images  (Figures  7-10)  are  characterized  by  a multiple  peak  dis- 
tribution. In  April  (Figure  7)  only  two  peaks  appear,  with  relative  populations  of 
0.82  centered  at  207  K and  0.18  centered  at  229  K.  In  August  (Figures  8 and  9), 
boih  data  sets  show  a triple  peak  distribution,  with  relative  populations  of  0.02. 
0.34,  and  0.5S  centered  at  121,  228,  and  243  K.  respectively,  for  22  August,  and 
0.01,  0.35,  and  0.54  centered  on  129,  221,  and  235  K for  27  August.  In  addition, 
there  is  a broad  distribution  of  data  points  between  the  first  two  peaks  on  both  days. 
On  26  October,  again  only  two  peaks  appear,  with  populations  of  0.90  and  0.10 
centered  on  201  and  217  K. 

The  April  and  October  distributions  can  be  attributed  to  the  presence  of  only  two 
significant  components  in  the  field-of-view:  first-year  (higher  T*)  and  multiyear 
(lower  r»)  sea  ice.  This  interpretation  is  strengthened  by  the  20  K separation  of  the 
peaks  which  has  been  observed  previously  (Gloersen  et  ai.  1973).  It  is  noteworthy 
that  there  was  an  increase  in  the  multiyear  fraction  from  0.82^o  0.90  from  spring  to 
fall. 

In  August,  under  melt  conditions,  the  distinction  between  multiyear  and  first- 
year  sea  ice  has  been  lost,  both  from  radiometric  and  morphological  pomts-of-view 
(Gloersen  et  ai,  19'8).  The  peak  at  243  K (and  235)  is  attributable  to  sea  ice  with  a 
moist  surface  and  high  emissivity.  The  peak  at  121  K (and  129)  is  attributable  to 
open  water.  The  broad  distribution  between  the  first  two  peaks  is  attributed  to 
open-water/ ice  mixtures  of  decreasing  concentrations  as  brightness  temperature 
increases.  We  are  uncertain  as  to  the  interpretation  of  the  second  peak,  but  believe 
it  to  correspond  to  smaller  floes  with  higher  moisture  content  in  the  surface  layer 
due  either  to  higher  temperatures  (thinner  floes)  or  surfaces  occasionally  awash.  This 
hypothesis  appears  to  be  supported  by  the  contrasting  brightness  temperatures  of  the 
large  and  small  floes  in  Figures  8 and  9.  The  populations  in  the  broad  distribution 
between  the  first  two  peaks  were  weighted  with  a linearly  decreasing  factor  (Gloer- 
sen etai.  1 97 5 ) to  obtain  the  amount  of  unresolved  open  water  represented  by  those 
populations;  the  sum  of  these  weighted  factors  was  added  to  the  populations  of  the 
first  peak  (open  water)  to  obtain  percent  open  water  of  8.5%  and  9.6%  on  22  and  27 
August,  respectively. 

4.  Airborne  Active  Microwave  Measurements 

4.1.  General 

A Synthetic  Aperture  Radar  (SAR)  operating  at  L-band  (Table  I)  collected  the 
data  presented  as  mosaics  of  the  AIDJEX  study  site  (Figures  11  to  15  inclusive). 
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Fif.  11.  L-buid.  HH  polamtd  moMic  ol  the  .\IDiEX  study  sue  (or  21  April.  1975  Data  collected 
using  Jet  Propulsion  Laboratory  Synthetic  .Aperature  Radar. 


These  mosaics  were  constructed  with  the  available  navigation  data  supplied  by  the 
aircraft  inertiai'navigation  system  (LTN-51).  Due  to  the  drift  of  this  instrument  and 
the  navigation  enors,  which  are  typically  sinusoidal  with  periods  of  84  min  and 
amplitudes  of  about  0.5  to  1 km  h~‘,  location  on  these  mosaics  is  only  roughly 
correct,  within  about  3-5  km  on  -0.04*  lat.  and  0.1 2*  long.  (Leberl  er  ai,  1976a. 
Vau  Roessel  <r  ai,  1974).  In  addition,  because  the  radar  operates  in  the  slant-range 
mode,  there  is  a significant  geometric  distortion  (compression)  in  the  area  nearest 
the  (light  line  (near  range).  This  may  be  rectified  by  digital  processing  techniques 
(Thompson  «t  ai,  1972).  Such  geometric  corrections  have,  however,  not  been 
applied  to  the  data  presented  here. 

The  change  in  the  average  brightness  temperature  across  the  radar  image  results 
from  the  decrease  of  the  average  backscatter  cross-section  and  an  increase  in  the 
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Fig.  n.  L-band.  HH  poltnnd  moMk  of  th«  AIDJEX  Mudy  un  for  22  Augusi.  197S.  Du*  colicctod 

uung  JFL  Syrnhaiic  Ap«raiur«  Radar. 


Fig  13.  L-band.  HH  polanztd  motaic  o(  (ha  AIDJEX  itudy  tut  tor  10  Oetobar,  19'S  Oaia  colltcted 

uttng  /PL  SymhatK  Apariiurt  Radar. 


ridar-to-surface  distance  (i.e.,  slant  range)  as  the  incident  angle  increases.  Thus,  on 
the  average,  the  imagery  appears  brighter  in  the  near  range.  It  should  be  mentioned 
that  during  the  August  1975  flights,  a controllable  calibrated  gain  system  was  added 
to  the  radar.  This  system  compensates  u much  u possible  (or  the  decreaU  in 
bnghtness  across  the  image. 

The  synthetic-aperture  radar  repeatedly  samples  coherent  electromagnetic 
waves  to  synthesize  a large  aperture.  The  coherence  of  the  scatter  leads  to  a 
speckled  appearance  of  the  radar  imagery  similar  to  the  effect  observed  when  a 
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Rg-  15.  L-b«n<t  HH  polinxeO  moMic  of  ih«  AIDJEX  Hudy  »««  for  16  ApnI.  19’6.  D»tt  collected 

using  JPL  Sytithenc  Aperiture  lUder 


rough  surface  is  illuminated  with  a laser  light.  For  detailed  analysis  of  the  principle 
of  synthetic-aperture  radar,  the  reader  is  referred  to  the  literature  (Goodman. 
1968:  Rihacaek.  1969;  Harger.  1970). 

A Motorola  AV/APS94D  real-apenure  side-looking  radar  (Table  I)  collected 
the  data  in  Figure  16.  The  system  was  flown  aboard  an  Argus  aircraft  to  image 
svAths  of  25.  60.  or  100  km  width  on  either  or  both  sides  of  the  aircraft.  All  the 
images  contain  a blind  smp  down  the  center  of  the  track,  which  is  outside  the 
field-of-view  of  the  antenna  and  is  about  twice  as  wide  as  the  altitude  of  the  aircraft. 
Croas-track  resolution  is  constant  at  about  30  m and  along-track  resolution  is 
approximately  8 m times  the  range  in  kilometers. 
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Fif.  16.  Moiaic  ot  rtdtr  i.mfci  of  the  AIDJEX  study  sue  for  21  Apni.  19^5.  obtained  from  X-band 

Hh  polarized  real  aperture  radar. 

The  azunuth,  or  along-crack,  refolution  is  determined  by  the  along-track  beam- 
width  of  the  antenna.  The  longest  possible  antenna  is  carried  unuer  the  aircraft  to 
obtain  the  narrowest  possible  along-irack  beamwidth.  As  in  conventional  radars, 
the  range  resolution,  or  cross-track  resolution,  is  determined  by  the  modulation 
(bandwidth)  applied  to  the  transmitted  energy  (usually  narrow  pulses).  Although  it 
is  relatively  easy  to  achieve  high  cross-track  resoluuon,  the  transmitter  modulation 
is  usually  chosen  so  that  this  resolution  approximates  the  more  limited  along-track 
resolution,  which  degrades  linearly  with  increasing  range  from  the  transmitter  For 
the  mosaic  obtained  on  21  April.  197S,  the  swath  was  set  at  25  km  to  achieve 
optunuffl  information  content  in  the  imagery.  The  aircraft  flew  at  an  altitude  of 
about  900  m.  In  contrast  to  the  SAR  system,  the  imagery  is  processed  onooard  the 
aircraft  and  no  geometrical  correction  is  necessary.  As  with  the  SAR.  the  average 
bnghtness  varies  across  the  image.  The  wave-like  pattern  visible  in  certain  parts  of 
the  imagery  is  due  to  the  motion  of  the  aircraft. 


585 


The  Ryan  scatterometer,  owned  by  the  Canadian  Centre  for  Remote  Sensing 
(CCRS),  measured  quantitatively  the  back-scattering  of  microwave  radiation  over  a 
range  of  incidence  angles  from  approximately  S°  to  60*  from  nadir.  The  system 
operates  at  13.3  GHz  (2.2S-cm  wavelength  in  free  space)  and  is  similar  to  the 
NASA  13.3-GHz  scatterometer  which  has  been  in  other  studies  of  sea  ice.  Either 
horizontally  or  vertically  polarized  continuous- wave,  CW,  signals  can  be  trans- 
mitted with  the  Ryan  instrument.  Both  the  like-  and  cross-polarized  returns  are 
received  simultaneously.  This  is  in  contrast  to  the  NASA  sea  aerometer  which 
transmits  and  receives  only  vertically  polarized  radiation.  The  slotted-wavelength- 
array  antennas  radiate  a fan  beam  in  the  fore-aft  direction  with  an  azimuthal 
beaipwidth  of  120*  and  a range  beamwidth  of  3*.  The  two  transmitting  and  receving 
antennas  have  approriraately  the  same  gain  patterns.  Further  quantitative  details  of 
the  data  reduction  are  given  by  Royer  (1975)  and  Bradley  (1971). 

4.2.  Morphological  observations  of  sea  ice  using  L-band  synthetic 

APERTURE  RADAR 

Figure  11  reveals  several  features.  Dark  lines,  such  as  that  at  approximately 
76*15'  N,  144*30  W,  are  generally  indicative  of  open  water  or  recently  refrozen 
leads.  Because  both  of  these  surface  types  are  generally  smooth,  the  radar  imagery 
cannot  distinguish  between  them.  However,  as  the  ice  thickens  in  a given  polynya 
or  lead,  rafting  and  ridging  are  noted  as  bright  linears  in  the  darker  (sr'oother) 
feature.  Thus,  older  leads,  such  as  the  one  at  76*10'  N.  145*00'  W,  are  rather  easily 
identified.  In  these  images,  thin  ice  can  be  distinguished  from  open  water  by 
reference  to  the  passive  microwave  data  which,  as  presented  in  Figure  7,  show 
numerous  large  ieads  and  polynyas  as  having  brightness  temperatures  of  approxi- 
mately 230-240  K,  indicating  that  they  are  indeed  ice -covered. 

These  radar  data  are  especially  sensitive  to  surface  roughness,  as  indicated  by  the 
easy  identification  of  the  small  variations  in  roughness  in  some  of  the  refrozen 
leads.  Even  in  the  April  1975  data  (Figure  11)  which  were  collected  prior  to  the 
inclusion  of  the  STC  (Sensitivity  Time  Control  - an  automatic  gain  system),  bright 
patterns  indicating  greater  roughness  produced  by  ridging,  rafting,  and  areas  of 
highly  broken  and  disturbed  ice  are  noted. 

The  identification  of  various  ages  of  ice  (e.g.,  FY  and  MY  ice)  using  only  the 
single  wavelength  and  single  polarization  of  SAR  data  is  especially  difficult  - and  if 
one  is  restricted  to  using  only  the  signature  of  the  ice  itself  (i.e.,  the  strength  of  the 
backscatter  return),  the  identification  may  be  impossible.  This  difficulty  is  com- 
pounded by  the  use  of  SAR  data  which  have  been  placed  on  photographic  paper.  In 
transforming  the  data  to  such  a format,  a considerable  amount  of  information  has 
been  lost  as  a result  of  the  low  dynamics  range  (approximately  20  db)  of  the 
photographic  paper  when  compared  to  the  higher  dynamic  range  (approximately 
60  db)  of  the  SAR  system.  This  larger  dynamic  range  is  only  available  either 
through  the  use  of  digitized  SAR  data  or  by  studying  the  data  while  they  are  still  in 
the  optical  processor.  Such  was  not  the  case  for  our  study. 
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Although  it  is  not  possible  to  identify  the  MY  fraction  within  any  given  area  from 
this  image  (Figure  11),  it  may  be  possible  to  distinguish  MY  does  by  consideration 
of  both  the  jhape  and  texture  of  the  floe  in  addition  to  its  signature.  Hence, 
rounded  areas  having  dark-grey  tones  and  having  bright  circular  borders  are  most 
likely  MY  floes,  and  reference  to  the  ESMR  data  presented  earlier  confirms  this 
basic  interpretation. 

Figure  12,  an  L-HH  SAR  mosaic  for  22  August,  1975,  illustrates  again  seve'al 
basic  notions  concerning  the  interpretation  of  SAR  data  of  sea  ice.  Again,  we  note 
that  we  cannot  definitely  identify  areas  of  open  water  from  those  of  thin  ice. 
However,  when  one  considers  the  season,  it  seems  . easonable  to  consider  the  large 
polynya  at  approximately  75*45’  N,  T40*30'  W as  being  open  water,  or  at  best,  to 
have  a thin  covering  of  frazil  ice.  This  former  interpretation  of  open  water  is 
confirmed  by  comparison  with  the  passive  microwave  data  presented  in  Figure  8. 
Again  we  note  that  the  large  floes  which  are  discernable  in  the  SAR  data  are  not 
easily  identified  within  the  ESMR  imagery.  However,  the  identification  of  MY  and 
FY  ice  may,  from  the  radiometric  point  of  view  and  for  this  season,  be  a rather 
academic  point  to  pursue.  This  is  because  of  the  influence  of  the  moisture  in  the 
snow  on  the  radiometric  signal.  Radar  suffers  from  a similar  fate,  but  again  the  use 
of  shape  and  texture  in  addition  to  the  strength  of  the  return  help'  to  distinguish  the 
major  ice  types. 

Figures  13  and  14  present  two  SAR  mosaics  collected  during  October.  These 
data,  collected  only  two  weeks  apart,  are  most  instructive  in  illustrating  the  useful- 
ness of  SAR  imagery  for  identifying  short-term  changes  in  the  ice  surface  mor- 
phology. Immediately  one  notes  the  change  in  the  orientation  of  the  dark  features 
(which  represent  open  leads  or  recently  retrozer  leads)  from  an  approximate 
north-south  orientation  (Figure  13,  iO  October,  1975)  to  having  a general  east- 
west  orientation  (Figure  14,  26  October,  1975).  Also,  as  in  August,  large  floes  are 
readily  distinguishable  on  both  SAR  images,  and  individual  floes  (as  the  two 
located  at  approximately  73*40'  N,  142*00'  W on  Figure  14)  are  noted  to  have 
moved  approximately  1®  west  and  0.5°  north  in  two  weeks  (compared  to  Figure  13). 
In  addition,  several  of  the  MY  floes  seen  earlier  on  the  August  images  for  both  the 
ESMR  and  the  SAR  (Figures  8 and  12)  are  identified,  indicating  that  no  significant 
exchange  of  ice  into  or  out  of  the  AIDJEX  study  triangle  has  taken  place.  In  the 
October  images,  we  observe  that  it  is  considerably  easier  to  make  basic  ice-type 
identifications  (using  shape,  texture,  and  tone  in  addition  to  the  radar  signature) 
than  it  is  during  the  August  seasons  because  of  the  changes  which  have  taken  place 
on  the  ice  surface  as  a result  of  the  summer  processes  and  because  there  has  been  a 
considerable  reduction  in  the  amount  of  moisture  on  the  ice  surface  (liquid  water?). 

Finally,  by  April  of  the  following  year  (Figure  !5,  16  April.  1976)  the  mor- 
phology of  the  ict  has  been  altered  considerably.  It  is  very  difficult  to  estimate  the 
fraction  of  FY  ice  in  this  image.  The  ice  consists  primarily  of  large  MY  floes  and 
thin,  fractured  new  ice  coupled  with  many  areas  of  brash  and  extremely  rough  ice 
surfaces  resulting  from  winter  pressures. 
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It  can  be  seen  from  both  the  available  imagery  and  this  brief  review  that  SAR 
data  can  be  used  to  distinguish  detailed  changes  in  the  morphology  of  sea  ice.  This 
results  partly  from  the  high  resolution  of  ihe  SAR  and  partly  from  the  nature  of  the 
interactions  of  the  radar  signal  and  thr.  ice  surface.  In  earlier  sections  of  the  paper, 
passive  microwave  remote-sensing  systems  have  been  shown  to  be  quite  useful  for 
distinguishing  ice  types.  Consequently,  we  believe  that  these  two  systems  are 
complementary,  and  for  optimal  results  in  the  interpretation  of  remotely  sensed 
data,  they  should  be  studied  in  concert,  as  already  shown  by  Campbell  et  al. 
(1975a).  A more  detailed  analysis  of  image  interpretation  of  SAR  L-band  data  is 
given  in  Bryan  (1976). 

Finally,  it  should  be  noted,  that  the  SAR  data,  when  used  as  a set  of  sequential 
data,  are  useful  for  detect’ 'ig  the  drift  of  the  ice  within  the  aforementioned  naviga- 
tional accuracies.  The  accuracy  with  which  the  sea-ice  drift  can  be  measured  from 
airborne  or  satellite  images  can  be  evaluated  from  images  of  a non-moving  well- 
mapped  surface.  This  approach  was  demonstrated  by  Hibler  et  al.  (1975),  for 
Landsat  images.  Thus,  initial  studies  using  20  gro-'.nd  control  points  on  the 
1 : 250  000  topographic  map  of  .Maska  to  determine  navigational  accuracies  and 
the  algorithm  originally  developed  for  radar  mepping  of  the  Moon  (Leberl,  1976) 
yielded  an  apparent  drift,  and  thus  suppHco  an  estimate  of  the  error  measuring 
absolute  drift.  Detailed  studies  of  this  type  are  discussed  in  Leherl  et  al.  (1976b). 
The  set  of  SAR  data  from  22-27  August,  1975  indicate  a westward  drift  of 

6.5  km  day''  and  a northward  drift  of  2.9kmday'‘'  from  sections  within  the 
AIDJEX  study  site.  Absolute  errors  for  this  drift  measurement  were  estimated  to 
be  approximately  200  m day''-  or  about  5%. 

4.3.  Side-looking  AIRBORNE-RADAR  (SLAR)  observations 

Due  to  greater  backscatter  at  the  shorter  waveleng^''  of  the  AN/APS94D  SLAR 
compared  with  the  JPL  SLAR,  more  surface  details  are  visible  in  Figure  16.  The 
image  was  taken  during  the  same  24-h  period  as  Figure  11.  Big  Bear  can  be 
identified  as  the  white  spot  within  the  circle  identifying  this  area.  The  dark  linear 
features  represent  refrozen  leads.  Ail  leads  are  covered  with  varying  thicknesses  of 
grey  ice.  Big  Bear  was  located  on  a small  MY  ice  floe  having  an  average  thickness  of 

3.5  m.  The  light  lines  within  this  floe  represent  ridges  having  a height  of  approxi- 
mately 2 m and  a width  of  3 m.  The  large  lead  which  runs  from  northwest  to 
southeast  consisted  of  grey  ice  with  a thickness  of  0.7  m.  In  the  original  image,  just 
north  at  and  adjacent  to  the  camp,  the  dark  linear  feature  running  east-west 
represents  the  runway.  From  surface  measurements  it  is  known  that  it  consists  of 

1.6  m thick  FY  ice.  One  striking  aspect  of  this  mosaic  is  the  backscattering 
coeflicient  <r.  For  example,  the  radar  returns,  as  represented  by  the  grey  scale,  for 
the  MY  ice  on  which  Big  Bear  is  located  and  the  large  lead  to  the  west  of  the  canp, 
are  very  much  alike.  If  it  were  not  for  the  geometry  of  the  ice.  one  could  not 
distinguish  FY  from  MY  ice  in  this  image.  Comparison  of  the  SLAR  mosaic  (Figure 
17)  with  the  ESMR  mosaic  (Figure  7)  shows  that  a one-to-one  correlation  exists  for 
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the  major  lead  systems;  however,  the  SLAR  also  provides  additional  fine-structure 
information.  Where  the  ESMR  image  indicates  a concentration  of  MY  ice,  the 
SLAR  image  indicates  very  rough  areas  with  no  open  leads  or  thin  ice  present.  This 
i:  example  of  the  complementary  nature  of  the  imagery  obtained  from  the 

active  and  passive  systems. 

4.4.  SCATTEROMETER  OBSERVATIONS 

Preliminary  analog  and  digital  processing  of  the  scatterometer  data  taken  over  the 
AIDJEX  site  has  shown  that  there  is  significant  contrast  in  the  microwave  power 
backscattered  from  \fY  and  FY  ice,  particularly  for  the  cross-polarized  com- 
ponents <7  Figure  17  includes  three  analog  traces  of  results  obtained  from 

flight-line  A at  the  AIDJEX  site.  The  top  two  traces  illustrate  the  relative  variation 
in  the  backscatter  at  45*  fore  of  nadit,  while  the  lower  trace  illustrates,  qualitative- 
ly, the  variation  in  microwave  brightness  temperature  as  measured  simultaneously 
by  the  Aerojet  0 31-cm  radiometer.  The  ground  area  observed  by  the  microwave 
radiometer  coresponds  approximately  to  the  area  mcMured  by  the  scatterometer 
in  traces  one  and  two  (sec  Table  I).  The  plot  of  the  horizontally  polanzed 
radiometer  has  been  drawn  to  empnasize  the  corespondence  between  the  results 
obtained  by  the  passive  radiometer  operating  at  0.81cm  and  the  active  scat- 
terometer operating  at  2.25  cm.  Regions  A and  B in  the  results  illustrated  in  Figure 
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17  correspond  m time  to  observations  made  over  two  regions  o(  ice  in  a refrozen 
polynya.  Region  A represenu  an  area  of  grey  ice  which  was  thinner  than  Region  B 
and  wnich  shows  significantly  higher,  well  detailed  thermal  mfraied  emission  as 
seen  in  the  line-scanne*’  imagery.  The  snow-covered  FY  ice  in  Region  B was  thic!  .rr 
than  at  A and  the  infrared  imagery  showed  negligible  contrast  between  the  FY  ice 
at  B and  the  MY  ice  beginning  after  Region  B.  The  radiometer  appears  to  be 
insensitive  to  the  different  thicknesses  of  sea  ice  in  the  refrozen  polynya.  It  is 
interesting  to  note  that  the  lower  frequency  scatterometer  indica  ts  a higher 
barkscatter  at  the  45*  to  nadir  over  Region  B than  over  the  thinner  grey  ice  in  the 
miodi:  of  the  lead. 

In  the  regions  of  predominantly  MY  ice  fC  and  F in  Figure  1 7),  the  backscatter 
increr.ses  significantly  m rt.ation  to  that  observed  m the  regions  of  relatively  thick 


FY  ice,  at  B,  D,  or  E.  The  difference  in  backscatter  at  45®  between  C and  F,  and  B. 
D.  and  E,  is  ^proximately  20  db  for  the  cross-polarized  a”  in  trace  one.  and  to 
approximately  13  db  for  the  like-polarized  results  o-®w  in  trace  two.  The  micro- 
wave  brightness  temperature  is  approximately  70  K lower  than  that  observed  for 
FY  ice  for  the  regions  of  predominantly  ice.  as  seen  in  trace  three.  The  first-year  ice 
features,  labeled  E in  Figure  17,  corresponds  to  the  intersection  of  the  flight  line 
with  the  FY  ice  used  as  the  runway  of  the  Big  Bear  site.  The  feature  labeled  D 
corresponds  to  snow-covered  FY  ice  in  a re^on  of  predominantly  multiyear  ice. 
Identification  of  this  region  as  being  FY  ice  would  have  been  veiy  difficult,  if  not 
impossible,  on  the  basis  of  the  visible  or  thermal  infrared  imagery  alone. 

Further  analysis  of  these  data,  particularly  the  SAR  and  SLAR  signatures,  is 
being  oursued  actively.  The  recent  dielectric  results  for  FY  ice  obtained  by  Vant 
(1976)  will  allow  improved  modelling  of  the  ice  and  perhaps  lead  eventually  to 
automatic  processing  of  active  microwave  data  for  ice  reconnaissance.  As  shown 
in  Table  I,  the  active  systems  employed  varied  greatly  in  frequency,  inclination 
angle,  and  data  processing.  It  would  be  premature  at  this  time  to  make  detailed 
comparisons  with  other  published  results  such  as  the  one  on  radar  observations  by 
Anderson  (1966)  and  Johnson  and  Farmer  (1971)  and  on  the  scatterometer  by 
Pai:;,shar  et  al.  (197^). 


5,  Condusion 

We  have  succeeded  for  the  first  time  in  remotely  sensing  a chosen  large  ( ~ lO*  km‘) 
area  of  Arctic  Basin  sea  ice  during  all  seasons  of  one  year  as  it  drifted,  deformed, 
and  metamorphosed.  This  was  done  with  a wide  variety  of  sensors,  each  performing 
at  the  highest  siate-of-the  art  in  its  class.  The  ground-truth  experiment  entailed  the 
most  extensive  measurements  of  sea-ice  dielectric  properties  ever  made.  These  and 
ihe  detailed  surface  microwave  observations  were  essential  for  the  interpretation  of 
the  numerous  aircraft  data. 

We  feel  that  the  data  ensemble  presented  in  this  paper  makes  a convincing  case 
that  in  the  remote  sensing  of  sea  ice,  combined  passive  and  active  microwave 
techniques  offer  the  most  promise.  Bearing  in  mind  that  various  aspects  of  sea-ice 
research  need  imagery  at  various  resolutions,  from  meters  to  tens  of  kilometers, 
and  that  a means  of  observing  sea  ice  through  the  clouds  and  in  the  dark  is  essential, 
microwave  remote  sensing  offers  a whole  new  vista  of  exciting  possiL.fities.  Passive 
microwave  observations  allow  us  to  identify  and  delineate  the  distribution  of  ice 
types  and  mixtures  and  the  measurement  of  ice  concentration.  Active  techniques 
allow  the  structmal  aspects  of  sea  ice  to  be  observed  at  resolutions  finer  than  by  any 
other  sensors.  Both  will  sense  ice  anywhere  under  any  atmospheric  or  oceanog- 
raphic conditions.  The  forthcoming  active  and  passive  microwave  sensors  on 
Seasat-A  and  Nimbus-G  will  give  us  a greatly  expanded  view  of  the  behavior  of  sea 
ice  on  Spaceship  Earth.  We  will  go  forward  not  only  with  a clearer  understanding 
but  also  with  a sense  of  excitement. 
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This  complex  remote  sensing  experiment  could  never  have  been  performed  without 
the  support  of  a number  of  agencies  in  the  U.S.  and  Canada.  NASA's  generous 
contribution  of  the  CV  990  with  its  excellent  crew  under  the  direction  of  Earl  V. 
Peterson  was  invaluable.  The  very  active  logistical  and  financial  support  given  by 
the  Polar  Continental  Shelf  Project  and  the  AIDJEX  Project  made  our  dream  of  an 
experiment  a reality.  Additional  excellent  remote  sensing  aircraft  support  was 
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done  by  B.  Hache  of  Environment  Canada. 
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Estimation  of  Snow  TemperatUK  and  Mean  Crystal  Radius  from 
Remote  Multispectral  tussive  Microwave  Measurements 

A.  T.  C.  Chang 


Abstract 

Recent  work  by  A.  T.  C.  Chang  et  al.  has  demonstrated  that  variation  in  crystal  size  and  physical 
temperature  of  snowfleld  observations  from  space  give  large  variations  in  the  microwave  brightness 
temperature.  Since  the  brightness  temperature  is  a function  of  wavelength,  the  microwave  brightness 
temperature  can  be  used  to  extract  the  snow  temperature  and  mean  crystal  radius  profiles.  The 
Scanning  Multicharmel  Microwave  Radiometer  (SMMR).  to  be  launched  on  board  the  Nimbus-G 
and  Seasat-A  spacecraft,  will  make  observations  in  wavelengths  of  0.8,  1.4,  1.7,  2.S,  and  4.6  cm. 

A statistical  retrieval  method  has  been  developed  in  this  paper  to  determine  the  snowfleld  temperature 
profile  and  mean  aystal  size  by  using  the  scanning  multifrequency  miaowave  radiometer  on  board 
a spaoeaaft.  The  estimated  errors  for  retrieval  are  approximately  I .S  K for  temperature  and 
0.001  cm  for  crystal  radius  in  the  presence  of  I K rms  r.oise  for  each  SMMR  channel. 
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Microwave  Emission  From  Polar  Fim 
A.  T.  C.  Chang  and  B.  J.  Choudhury 


Abstract 

The  microwave  emission  from  a half-space  medium  characterized  by  coordinate  dependent 
scattering  and  absorbing  centers  has  been  calculated  by  numerically  solving  the  radiative 
transfer  equation  by  the  method  of  invariant  imbedding.  Rayleigh  scattering  phase  func- 
tions and  scattering  induced  polarization  of  the  radiation  liave  been  included  in  the  calcula- 
tion. For  uniform  temperature  distribution  within  the  medium,  the  results  of  A.  T.  C. 
Chang  and  B.  J.  Choudhury  calculations  agree  well  with  those  by  A.  W.  England.  Using  the 
scattering  and  extinction  data  of  polar  fim  as  compiled  by  H.  J.  Zwally,  the  brightness 
temperature  has  been  calculated  for  the  1.55  cm  wavelength.  For  the  North  Polar  region, 
the  results  of  our  calculations  are  in  agreement  with  the  Nimbus-5  scanning  radiometer 
experiment.  This  study  is  the  first  quantitative  comparison  of  the  results  of  numerical 
calculation  using  the  actual  measured  information  of  cr^'stal  size  with  the  observed  data. 
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Microwave  Brightness  of  Polar  Firn  As  Measured 
by  Nimbus  5 and  6 ESMR 

A.  T.  C.  Chang 

B.  J.  Choudhury 
P.  Gloersen 


Abstract 

The  microwave  emission  from  a half-space  medium  characterized  by  co- 
ordinate dependent  scattering  and  absorbing  centers  has  been  calculated  by  nu- 
merically solving  the  radiative  transfer  equation  by  the  method  of  invariant 
imbedding.  A Mie  scattering  phase  function  and  surface  polarization  have  been 
included  in  the  calculation.  Also  included  are  the  physical  teng>erature  profile 
and  the  ten^perature  variation  of  the  index  of  refraction  for  ice.  Using  published 
values  of  grain  size  and  temperature  profile  data  of  polar  fim,  the  brightness 
temperature  has  been  calculated  for  the  1. 55  cm  and  0. 8 cm  wavelengths.  For 
selected  regions  in  Greenland  and  Antarctica,  the  results  of  our  calculations 
are  in  reasonable  agreement  with  the  observed  Nimbus-5  and  Mmbus-6  ESMR 
data. 
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NASA  Technical  Memorandum  79671  November  1978 

STUDIES  OF  SNOWPACK  PROPERTIES  BY 
PASSIVE  MICROWAVE  RADIOMETRY 

A T.  C.  Chang,  D.  K.  Hall,  J.  L.  Foster, 

A.  Rango  and  T.  J.  Schmugge 

ABSTRACT 

Research  involving  the  microwave  characteristics  of  snow  was  undertaken 
in  order  to  expand  the  information  content  currently  available  from  remote  sens- 
ing, namely  the  measurement  of  snowcovered  area.  Microwave  radiation  emitted 
from  beneath  the  snow  surface  can  be  sensed  and  thus  permits  information  on  in- 
ternal snowpack  properties  to  be  inferred.  The  intensity  of  radiation  received  is 
a function  of  the  average  temperature  and  emissivity  of  the  snow  layers  and  is 
commonly  referred  to  as  the  brightness  temperature  (Tg).  The  T^  varies  with 
snow  grain  and  crystal  sizes,  liquid  water  content  and  snowpack  temperature. 

The  Tg  of  the  0.8  cm  wavelength  channel  was  found  to  decrease  moreso  with 
increasing  snow  depth  than  the  1.4  cm  channel.  More  scattering  of  the  shorter 
wavelength  radiation  occurs  thus  resulting  in  a lower  Tg  for  shorter  wavelengths 
in  a dry  snowpack.  The  longer  21.0  cm  wavelength  was  used  to  assess  the  con- 
dition of  the  underlying  ground.  Ultimately  it  may  be  possible  to  estimate  snow 
volume  over  large  areas  using  calibrated  brigd^tness  temperatures  and  conse- 
quently Improve  snowmelt  runoff  predictions. 
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NASA  Technical  Memorandum  80267  May  1979 

A COMPARATIVE  STUDY  OF  MICROWAVE  RADIOMETER 
OBSERVATIONS  OVER  SNOWFIELDS  WITH  RADIATIVE 
TRANSFER  MODEL  CALCULATIONS 

A.  T.  C.  Chang  and  J.  C.  Shiue 

Laboratory  for  Atmospheric  Sciences  (GLAS) 

NASA,  Goddard  Space  Flight  Center 


ABSTRACT 

The  increase  demand  for  water  throughout  the  world  imposes  a challenging  problem  for  water 
resources  managers.  Since  the  water  stored  in  snowpacks  represents  an  important  source  of  the 
water  supply,  a system  which  monitors  and  inventories  the  water  equivalent  of  snow  should  clearly 
improve  the  water  resources  estimate. 

Recent  results  indicate  that  q>acebome  microwave  radiontetry  has  the  potential  for  inferring 
the  snow  depth  and  water  equivalent  information  over  large  snow-covered  areas.  In  order  to  assess 
this  potenti^  for  determining  the  water  equivalent  of  a snowpack,  it  is  necessary  to  understand  the 
microwave  emission  and  scatter  behavior  of  the  snow  at  various  wavelengths.  The  emitted  micro- 
wave  radiation  is  dependent  on  the  physical  temperature,  crystal  size,  and  density.  The  basic 
relationship  between  the  properties  of  the  snowpack  and  the  emitted  radiation  can  be  derived  by 
using  the  radiative  transfer  approach. 

Truck-mounted  microwave  instrumentation  was  used  to  study  the  microwave  characteristics 
of  the  snowpack  in  the  Colorado  Rocky  Mountain  region  in  the  vicinity  of  Fraser,  Colorado  during 
the  winter  of  1978.  The  spectral  signatures  of  5.0,  10.7,  18,  and  37  GHz  radiometers  with  dual 
polarization  were  used.  These  data  compared  favorably  with  calcukited  results  based  on  recent 
microscopic  scattering  models. 
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NASA  Technical  Paper  1408 

PRELIMINARY  RESULTS  OF  PASSIVE  MICROWAVE 
SNOW  EXPERIMENT  DURING  FEBRUARY  AND  MARCH  1978 


A.  T.  C.  Chang  and  J.  C.  Shiue 
Goddard  Space  Flight  Center 
Greenbelt,  Maryland 

and 


11.  Boyne,  D.  EUerbruch,  G.  Counas, 
R.  Wittmann,  and  R.  Jones 
National  Bureau  of  Standards 
Boulder,  Colorado 


1979 


ABSTRACT 

The  purpose  of  this  experiment  was  to  determine  if  remote  microwave 
sensing  of  snowpack  data  could  be  used  to  predict  runoff,  thereby  allowing 
more  efficient  management  of  the  water  supply.  A four-frequency  microwave 
radiometer  system  was  attached  to  a truck-mounted  aerial  lift  and  was  used 
to  gather  data  on  snowpacks  at  three  different  sites  in  the  Colorado  Rocky 
Mountains.  Ground  truth  data  measurements  (density,  temperature,  grain 
size,  hardness,  and  free-liquid  water  content)  were  taken  at  each  site  corres- 
ponding to  each  microwave  scan.  Although  the  detailed  analysis  of  these  data 
is  not  yet  complete,  understanding  of  microwave  sensing  has  been  enhanced 
considerably. 
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Remote  sensing  of  atmospheric  water  vapor,  liquid  water,  and  wind  speed  at  the  ocean  surface  by  passive 

microwave  tech^ques  from  the  Nimbus  5 utellite 

A.  T.  C.  Chang  and  T.  T.  Wilheit 

S ASA  / Goddard  Space  Flight  Ctiuer,  GrttnMt,  Maryland  20771 
(Received  October  18.  1978.) 


The  microwave  brightness  temperature  measurements  for  Nimbus  5 electrically  scanned  microwave 
radiometer  (ESMR)  and  Nimbus-E  microwave  spectrometer  (NEMS)  are  used  to  retrieve  the 
atmospheric  water  vapor,  liquid  water,  and  wind  speed  by  a quasi-statistical  retneval  technique. 
It  IS  shown  that  the  brightness  temperature  can  be  utilized  to  yield  these  parameters  under  vanous 
weather  conditions.  Observations  at  19.33,  22.235,  and  31.4  GHz  were  input  to  the  regression 
equations.  The  retrieved  values  of  these  parameters  for  portions  of  two  Nimbus  5 orbits  are  presented. 
Then  comparison  between  the  retrieved  parameters  and  the  a'-ailable  observations  on  the  total 
water  vapor  content  and  the  surface  wind  speed  are  made.  The  estimated  errors  for  retrieval 
are  approximately  ±0.13  g/cm‘  for  water  vapor  content.  ±6. .3  mg/cm'  for  liquid  water  content, 
and  ±6.6  m/s  for  surface  wmd  speed. 


I.  INTRODUCTION 

In  this  paper  we  will  discuss  techniques  for 
measuring  the  water  vapor  and  liquid  water  content 
of  marine  atmospheres  and  the  wind  speed  at  the 
ocean's  surface.  Using  microwave  remote  sensing, 
the  importance  of  water  vapor  and  wind  speed 
measurements  are  well  known  and  obvious. 
However,  the  Uquid  water  content  of  the  atmo- 
sphere has  not  been  routinely  measured,  and  thus 
its  relative  importance  is  not  firmly  established. 
It  is,  nevertheless,  available  as  a by-product  of  the 
remote  sensing  approach  discussed  in  this  paper 
and  may  well  prove  useful. 

This  remote  sensing  approach  involves  the  mea- 
surement of  emitted  microwave  radiation  at  several 
wavelengths  and  sorting  out  the  various  contribu- 
tions to  the  measured  brightness  temperature.  In 
a recent  paper  by  Wilheit  and  Fowler  (1977),  a 
linear  approximation  method  is  used  to  analyze  the 
wind  speed  and  cloud  Uquid  water  content  from 
a set  of  microwave  measurements  coUected  by  an 
aircraft  platform.  Their  data  set  was  taken  under 
a rather  narrow  range  of  subarctic  conditions  which 
permitted  use  of  a simpler  interpretation  technique 
than  is  used  here.  In  order  to  describe  the  techniques 
involved,  we  will  first  review  the  relevant  aspects 
of  microwave  radiative  transfer.  We  wiU  then  de- 
velop a statistical  technique  for  retneval  of  geo- 
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physical  parameters  from  the  measurements.  Using 
this  statistical  technique,  a data  set  involving  ob- 
servations over  a typhoon  Li  the  Pacific  Ocean  will 
then  be  analyzed. 

The  specific  sensors  appUed  here  are  the 
Nimbus-E  microwave  spectrometer  (NEMS)  and 
the  electrically  scanned  microwave  radiometer 
(ESMR),  both  of  which  are  in  orbit  aboard  the 
Nimbus  5 sateUite.  Detailed  descriptions  of  these 
instruments  can  be  found  in  Wilheit  [1972]  and 
Staelin  et  al.  (1972).  For  present  purposes  it  is 
sufficient  to  note  that  the  ESMR  is  a scanning 
instrument  which  measures  the  upweUing  mi- 
crowave radiation  at  19.35  GHz  while  scanning  50° 
to  either  side  of  the  spacecraft  and  has  a spatial 
resolution  of  25  km  at  nadir.  The  NEMS  instrument 
views  only  at  the  nadir  and  cbtains  observations 
at  22.235  and  31.4  GHz  and  at  three  frequencies 
in  the  50-  to  70-GHz  molecular  oxygen  band  (not 
of  interest  in  this  paper).  It  has  a spatial  resolution 
of  200  km. 

2 MICROWAVE  RADIATIVE  TRANSFER 
IN  THE  ATMOSPHERE 

In  the  microwave  portion  of  the  electromagnetic 
spectrum  and  at  temperatures  typical  of  the  earth 
and  Its  atmosphere  the  Rayleigb-Jeans  approxi- 
mation for  black  body  radiation  works  quite  well. 
This  enables  radiative  transfer  for  an  isotropic, 
nunscattering,  nonreflecting  medium  to  be  ex- 
pressed as  follows: 
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dT,/dx~>-a(T,-T^)  (I) 

where  T,  represents  the  intensity  of  radiation  at 
a given  wavelength  and  in  the  x direction  expressed 
as  an  equivalent  black  body  temperature,  called 
brightness  temperature.  The  absorption  coefHcient 
is  a,  and  To  is  the  thermodynamic  temperature  of 
the  medium.  If  this  is  integrated  for  a uniform  slab 
of  thickness  a along  the  direction  of  propagation 
X,  the  result  becomes 

T,^^T,^t—  + (\-e—)To  (2) 

where  is  the  brightness  temperature  incident 
on  the  slab  and  represents  the  emerging  bright- 
ness temperature. 

If  the  expression  aa  is  quite  small  or  if  Tg  - 
Tg  is  small,  the  slab  ^'‘s  a very  small  effect  on 
the  intensity  of  the  radiation;  whereas,  if  the  slab 
is  opaque  (an  — » oo),  the  radiation  emerging  out 
of  the  slab  is  characterized  by  the  thermodynamic 
temperature  of  the  slab  independent  of  the  intensity 
of  the  incident  radiation.  In  this  study  the  atmo- 
sphere is  divided  into  100  layers,  each  0.2  km  thick. 
Each  layer  is  characterized  by  the  temperature, 
pressure,  and  concentration  of  constituents  of  the 
center  of  the  slab.  In  a maimer  analogous  to  (I) 
the  brightness  temperature  Tg  radiating  from  a 
surface  is  given  by 

T,-(l  -e)r,„  + er„  (3) 

Tg  is  the  brightness  temperature  incident  on  the 
surface,  e is  the  emissivity  of  the  surface,  and  To 
is  the  thermodynamic  temperature  of  iL::  :>arface. 
The  incident  energy  must  also  be  averaged  appro- 
priately over  all  angles  which  can  be  reflected  into 
the  viewing  direction.  Since  most  natural  surfaces 
are  quite  rough  when  they  are  considered  on  the 
scale  of  microwave  wavelengths  (0.1-30  rm),  we 
will  use  the  Lambertian  approximation  [Born  and 
IVolf.  1975]  for  this  angular  distribution; 


would  be  observed  in  a particular  situation,  we  must 
be  able  to  characterize  the  emissivity  of  the  un- 
derlying surface  and  the  absorption  coefficient  of 
the  atmosphere  as  a function  of  their  physical  and 
chemical  parameters. 

The  emissivity  of  teTestrial  surfaces  in  the  mi- 
crowave region  of  the  electromagnetic  spectrum 
varies  from  0.95  for  most  solid  surfaces  to  about 
0.4  for  the  ocean  surface.  It  is  this  low  emissivity 
and  relative  homogeneity  of  the  calm  ocean  surface 
which  provides  the  possibility  of  sounding  the  water 
vapor  and  liquid  water  content  of  the  atmosphere. 
.The  emissivity  of  a smooth  ocean  surface  can 
be  calculated  from  the  dielectric  constant  through 
the  Fresnel  relations  [Jackson,  1962] . The  dielectric 
constant  data  used  here  are  from  Lane  and  Saxton 
[1952].  At  a given  frequency  v the  real  part  of 
the  dielectric  constant  e'  may  be  expressed  as 

*'“«-  + (e. -*.)/(!+ w't’)  (6) 

and  the  imaginary  part  e*  as 

t*  » u)t(e,  — e_)/(  1 + + a/u)  (7) 

where  <o  - 21TV.  The  e„,  e,,  a,  and  t values  at 
a number  of  temperatures  and  NaCl  concentration 
are  given  by  Saxton  and  Lane  ( 1952] . Conductivity 
value  as  a function  of  temperature  is  taken  from 
the  International  Critical  Tables  (1928] . These  can 
be  summarized  by  the  analytical  expressions 

«-  - 4.9  (8) 

T 

e.  - tvO.O  - 81.0N  -h  38.0AT*  - (3.75  - 2,V  + N^) 
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0.00199 


T 

‘0.00972 


000324 
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(9) 
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» •/! 

0.00597 
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T'j(d)  cos  6 sin  6i/6 

, 0 

(4) 

^2i.«rr 

T 

N + 

0.006^R 
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T 


where  Tgifi)  is  the  incident  brightness  as  a function 
of  the  incidence  angle  9.  For  computational  simplic- 
ity, smce  the  weighting  function  (sm  0 cos  0)  within 
the  integrand  has  a maximum  at  0 » 45°,  we  will 
approximate  Tg^  by 

T,„  e - 45"  (5) 

Thus  to  determme  this  brightness  temperature  which 
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T T 

a - 92.13\  - 8.73Af' 

+ 3.12(T-  273)^  - 0.37(7’-  273)A/' 


(10) 

(II) 


T is  the  temperature  in  Kelvin,  and  N the  NaCl 
concentration  in  gram  normal.  The  form  used  for 
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UiC  temperature  dependence  of  r was  suggested 
on  theoretical  grounds  by  Saxton  and  appears  nec> 
essary  in  light  of  the  large  temperature  dependence 
of  this  particular  parameter.  The  simple  polynomial 
Ht  appears  adequate  for  the  remainder  of  these 
expressions.  We  will  approximate  sea  water  as  a 
0.6N  NaCl  solution. 

When  the  sea  surface  v roughened  by  wind,  the 
situation  becomes  more  complicated.  Calculations 
by  Stogryn  [1967]  indicate  that  there  is  little  effect 
due  to  rouglmess  for  viewing  at  nadir.  In  horizontal 
polarization  from  nadir  the  roughness  increases  the 
etnissivity,  and  the  effect  increases  with  viewing 
angle  out  to  at  least  60°.  In  vertical  polarization 
the  roughness  decreases  the  emissivity  out  to  about 
5S°  incidence  angle,  above  which  the  emissivity 
increases  with  roughness  and  viewing  angle.  The 
observations  of  Hollinger  (1971]  only  partially  con- 
firm the  theoretical  expectations,  but  both  agree 
that  there  is  little  or  no  effect  due  to  roughness 
for  viewing  directly  at  nadir,  which  is  the  case 
considered  here. 

In  addition  to  roughening  the  sea  surface  the  wind 
also  creates  foam  which  can  also  increase  the 
emissivity  of  the  surface  Sordberg  et  al.  [1971] 
found  that  for  a frequency  of  19.35  GHz  the  foam 
coverage  increases  the  emissivity  at  nadir  by  4.3 
X 10~’  for  each  meter  per  second  the  wind  speed 
exceeded  7 m/s,  with  no  effect  at  wind  speeds 
below  7 m/s.  Measurements  have  been  made  by 
Van  MeUe  et  al.  [ 1973]  at  2.69  GHz  on  an  artificially 
generated  foam;  they  found  an  effect  comparable 
with  that  of  Nofdberg  et  al.  [1971] . More  r'.:cently, 
Webster  et  al.  [1976]  have  measured  the  net  effect 
of  wind  on  the  surface  emissivity  at  several  fre- 
quencies from  1.4  tc  37  GHz  at  view  angles  of 
0°  (nadir)  and  38°.  They  found  little  frequency 
dependence  above  10  GHz  and  a somewhat  weaker 
eff^ect  than  was  found  by  Nordberg  et  al.  On  this 
basis  we  will  in  this  paper  assume  that  for  the 
frequencies  of  present  intere.st  (19.35  , 22.235,  and 
31.4  GHz)  each  meter  per  second  that  the  wind 
speed  exceeds  7 m/s  increases  the  surface  emissiv- 
ity by  3.2  X 10'*.  The  determination  of  the  effect 
of  wind  speed  on  surface  emissivity  as  a function 
of  frequencies,  polarization,  and  view  angle  remains 
an  important  research  problem. 

In  the  earth’s  atmosphere  at  frequencies  between 
I and  too  GHz,  only  three  constituents  need  to 
be  considered:  water  vapor,  liquid  water,  and  mo- 
lecular oxygen.  All  other  constituents  normally 


found  in  the  atmosphere  have  either  a sufficiently 
lew  abundance  or  weak  microwave  absorption  that 
they  are  ignorable.  We  will  therefore  consider  only 
these  three  constituents.  We  will  restrict  this  treat- 
ment also  to  nonraining  situatir  . ^o  simplify  the 
treatment  of  liquid  water  in  atmosphere. 

Water  vapor  has  transitions  at  22.235  and  183.3 
GHz  in  addition  to  many  transitions  at  higher 
frequencies.  By  using  the  treatment  given  by  Gaut 
[1968]  the  absorption  coefficient  can  be  expressed 
as 


(»2) 


where  refers  to  the  contribution  due  to  the 
22.235-GHz  absorption  line  and  can  be  written  as 


343k*  Avp 


■ 1 1 * 

.(V  - 22.235)*  + A V*  (v  + 22.235)*  + A v*  , 


(13) 


whers 


0.12  6f(l  + 0.01l(pT//»)) 

Av  

T 

is  the  line  width  of  the  22.23S-GHz  aosorptio  .ie, 

p water  vapor  density,  in  grams  per  cubic  Cvfler; 

P pressure,  in  torrs; 
r temperature,  in  Kelvins; 
y propagating  frequency,  in  GHz. 

the  contribution  from  all  other  lines, 
be  written  as 

, v*pAv 

o„oh-2«x  »o'*-pr 

For  liquid  water,  as  already  noted,  only  nonpre- 
cipitating clouds  are  considered  in  this  study.  Since 
ill  such  clouds  the  typical  particle  size  is  much 
smaller  than  the  wavelength  of  interest,  the  Rayleigh 
approximation  [Gunn  and  East,  1954]  should  be 
quite  adequate  to  represent  the  scattering  by  cloud 
particles  less  than  100  micron.  The  absorption 
coefficient  can  be  written  as 


Veto.*  (km*') 


0.188  mi' 

I(*'  + 2)*  + (e')*j  K 


(15) 


where  m is  the  cloud  liquid  water  content  of 
atmosphere  in  grams  per  cubic  meter. 

The  dielectric  data  (t'  and  e*)  used  are  those 
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of  Lane  and  Saxton  [1952]  and  discussed  in  the 
previous  paragraph  for  the  special  case  of  pure 
water.  The  combination  of  the  factor  of  v in  this 
expression  of  e'  and  t"  results  in  a frequency 
dependence  of  approximately  for  the  absorption 
ccefficient  of  clouds.  Since  clouds  are  often  super- 
cooled below  the  265  K lower  temperature  limit 
of  '.he  Lane  and  Saxton  dielectric  data  on  which 
an  expression  for  e'  and  e”  are  based,  it  is  important 
that  we  have  chosen  an  expression  for  the  relaxation 
time  T which  has  some  theoretical  foundation. 

The  absorption  by  the  complex  of  molecular 
oxygen  resonances  near  0.5  cm  can  be  approximated 
for  frequencies  below  45  GHz  by  t aring  them 
as  a line  with  a resoiunt  term  and  a nonresonant 
term.  The  absorption  coefficient  can  be  written  as 

O.iP  f Av  Av  1 

® * “IT  I 1 Tl 

! l(v-Vo)’  + Av^  V' + Av’ J 

where  v,, « 60  GHz  and  Av  is  the  pressure  broaden- 
ing in  GHz: 

, / 300  V ” 

7.91  X 10'’/»( I P> 


quite  successfully,  by  Waters  i:  al.  [1975]  to  the 
problem  approximating  the  atmospheric  temper- 
ature profile  from  microwave  brightness  tempera- 
ture measurements  in  the  molecular  oxygen  band 
(X  » 5 mm).  In  this  technique  they  begin  with  a 
statistical  data  base  that  consisted  of  a large  set 
of  actual  temperature  soundings.  For  each  of  these 
soundings  they  calculate  the  expected  upweUii.g 
brightness  temperature  at  all  frequencies  at  which 
measurements  are  to  be  made.  The  tempierature 
at  various  heights  are  then  regressed  against  the 
brightness  temperature  to  determine  the  most  prob- 
able (if  the  statistics  are  Gaussian)  temperature  from 
each  level. 

If  there  is  little  information  about  a given  level 
in  the  brightness  temperature,  then  the  retrieved 
temperature  will  tend  toward  the  a prion  average 
of  the  statistical  dat:.  set.  and  the  residual  of  the 
regression  will  be  little  smaller  than  the  variance 


250  ton- 


Av  =«  s 


1.55  X 10  ’ 


/300  Y"  /231  + 0.49(19  - P) 
V~  / I 231 


250a  Fa  19torr 


(17) 
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Calculations  based  on  this  approximation  agree  well 
with  those  based  on  the  full  Meeks  and  Lilly  [1963] 
expression  as  modified  by  Lenoir  [1968]  for  fre- 
quencies less  than  45  GHz. 

J QUASI-STATISTICAL  ..ETRIEVAL  TECHHIQUE 

As  can  be  seen  from  the  previous  section,  the 
brightness  temperature  which  would  be  observed 
upwelling  from  the  atmosphere  depends  on  miny 
geophysical  variables  However,  several  of  the 
variables  (temperature,  humidity,  and  liquid  water 
content)  are,  in  them.ielves,  continuous  functions 
of  height.  Therefore  this  problem  has  an  infinite 
number  of  degrees  of  freedom.  In  the  most  general 
sense,  a retrieval  of  geophysical  variables  from  a 
fimte  set  of  observations  could  never  be  performed. 
We  must  resort  to  approximations  and  constrained 
solutions  if  we  are  to  denve  useful  information. 

One  technique  for  retrieving  geophysical  parame- 
ters is  the  sutistical  technique  which  was  applied. 


19  torr 


of  the  a priori  data  set.  It  is  to  be  noted  that 
information  about  a given  level  can  occur  in  a given 
measurement  both  directly  through  the  equation  of 
radiative  transfer  and  also  indirectly  through  cor- 
relations inherent  to  the  atmosphere  itself. 

This  technique  may  be  faulted  in  that  it  contains 
any  bias  of  the  a priori  data  set.  When  the  brightness 
temperatures  are  strongly  related  in  a direct  sense 
to  the  geophysical  parameters  being  retri  .'ved,  this 
would  be  of  little  consequence,  but  where  the 
coupling  is  through  statistical  correlations  among 
the  geophysical  observables  or  when  the  retrieval 
offers  only  marginal  improvement  over  the  a priori 
statistics,  then  the  retrieved  values  will  tend  strongly 
toward  the  commonplace  situations.  This  may  well 
give  average  statistics  which  suggest  a very  good 
retrieval  technique  but  which  give  poor  results  in 
the  extraordinary  situation  which  is  often  of  the 
most  interest.  We  therefore  have  modified  this 
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TABLE  I . Cloud  models 


technique  somewhat.  We  generate  an  artiTicir!  data 
set  subtending  the  entire  expected  range  in  all  the 
geophysical  variables  at  issue  and  force  any  cor- 
relations among  them  to  be  zero  or  at  least  much 
smaller  than  is  expected  in  nature.  As  a byproduct, 
this  relieves  us  of  the  necessity  of  providi^  a true 
statistical  data  base  for  parameters  which  have  been 
measured  sparsely  or  not  at  all. 

In  the  present  case  we  wish  to  interpret  measure- 
ments nuule  at  frequencies  of  19.35,  22.235,  and 
31.4  GHz.  On  the  basis  of  the  microwave  properties 
of  the  atmosphere,  we  would  expect  the  brij^tness 
temperature  to  be  affected  strongly  by  the  wind 
speed  at  the  sea  surface  and  the  net  content  of 
water  vapor  and  liquid  water  in  the  atmosphere 
and  rather  weakly  by  sea  surface  temperature,  cloud 
temperature,  and  details  of  the  vertical  distribution 
of  water  vapor.  Fhus  variables  such  as  details  of 
the  temperature  structure  of  the  atmosphere  would 
be  expected  to  be  quite  significant.  Thus  for  our 
statistical  data  base  we  select  values  from  h^ndbook 
atmospheres  [Air  Force  Cambridge  Research  Lab- 
oratory, 1965] , eacn  with  its  associated  water  vapor 
content  as  specified  as  follows: 


W*;er  Vapor 

Handbook  Atmosphere  Content,  g/cm’ 


U.S.  Sundard 

1.60 

tropical 

3.88 

subtropical  summer 

4.23 

subtropical  winter 

2.12 

mid-latitude  summer 

2.93 

mid-latitude  winter 

0.87 

subarctic  summer 

2.07 

subarctic  wmter 

0.42 

Arctic  winter 

0.2C 

We  specify  the  values  of  sea  surface  temperature 
and  surface  svind  speed  as  follows: 

Sea  Surface 

Surface  Wind  Speed 

Temperature  Values,  ti 

Values,  m/s 

273,0 

0 

283.0 

10 

293.0 

20 

303.0 

30 

and  in  Table  1 we  give 

the  cloud  models  used. 

The  statistical  data  base  then  consists  of  ail  possible 
combinations  of  these  four  parameters.  This  woui,^ 
provide  zero  correlation  amoug  the  four  parameters. 
However,  we  also  specify  that  wherever  the  cloud 
liquid  water  content  is  not  zero,  the  relative  humidity 
must  be  100%  at  that  altitude.  This  gives  a weak 

Liquid  Water 


Model 

Cloud  Top,  km 

Cloud  Bottom,  km 

Density,  g/m’ 

1 

2 

1 

0.01 

2 

A 

1 

0.2 

3 

8 

7 

0.01 

4 

8 

7 

0.2 

5 

6 

1 

0.01 

6 

6 

1 

0.2 

7 

8 

6 

0.01 

8 

8 

6 

0.2 

9 

no  cloud 

correlation  between  cloud  liquid  water  content  and 
net  water  vapor  and  provides  some  additional 
variability  in  the  vertical  distribution  of  water  vapor. 
Thus  for  the  present  case  at  each  of  three  frequen- 
cies we  calculate  brightness  temperature  for  every 
possible  combination,  within  our  set,  of  sea  surface 
wind,  sea  surface  temperature,  atmosphere  model, 
and  cloud  model.  There  are  a total  of  1296  data 
sets  generated  which  coiu<un  the  following  informa- 
tion: sea  surface  wind,  net  water  vapor  content, 
net  liquid  water  content,  (19.35  GHz),  T,  (22.235 
GHz),  anc  Tg  (31.4  GHz).  Conventional  linear 
predications  can  then  be  generated  for  each  of  the 
first  three  of  these  based  on  the  last  three,  while 
adding  appropriate  instrument  noise,  typically  IK 
rms,  to  the  brightness  temperature  from  a random 
number  generator.  While  the  linear  approach  works 
reasonably  well,  the  dependence  of  the  brightness 
temperature  on  the  atmospheric  water  components 
•snot  linear.  Rather,  the  optical  depth  is  more  nearly 
linearly  related  to  the  water  components.  For  the 
moment,  we  treat  the  atmosphere  as  a single  layer 
with  an  optical  depth  t = -i-  and  a 

thermodynamic  temperature  t , , while  the  surface 
reflectance  is  R and  has  a temperature  . We  will 
also  make  the  approximation  that  i,  % and  we 
will  ignore  the  cosmic  background.  Then  the  up- 
welling  brightness  Tg  is  given  by 


TABLE  2.  Regression  residuals 

A priori 

A pnon 

Standard 

Estimated 

Mean 

Deviation 

Error 

Water  vapor  content,  g/cm’ 

2.35 

1.64 

0.15 

Liquid  water  content,  g/cm’ 

0019 

0.030 

0.0065 

Wind  speed,  m/s 

15. 

,1.2 

6.6 
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(18) 


r, -(I  - 

The  \/  2 occurs  because  of  the  appioximation  to 
a Lambenian  surface  discussed  earlier.  The  loga- 
rithmic form  of  (18)  can  be  written  as 


ln(r,  - T.i-  In  (Hi,) 

-O  + >/T)t,^  + (1  -*•  y/lyi  (19) 

• 

We  then  note  that  the  function  In  (r,  - T,)  is 
linearly  related  to  each  of  the  components  of  atmo- 


Fi«  I The  mcatuieU  bnfhiness  temperature*  tad  the  ESMR 
unaac  of  Nifflbua  5 oroti  it'll,  July  14.  197}.  The  estimates 
of  the  water  vapor  cooteot.  the  cloud  liquid  water  comeot. 
and  'he  lurfacc  wind  speed  aloof  the  subeatellite  track  are 
presented 


Fi|  2.  The  measured  bnfhioess  temperatures  and  the  ESMR 
tffisie  of  Nimbus  } orbit  2911.  July  |6.  WJ  The  estimates 
of  the  water  vapor  con'ent.  the  cloud  liquid  water  conieni. 
and  the  surface  wind  speed  aJonf  the  subsaielliie  track  arc 
pteacoiad 
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Fig  ? The  surftce  weither  chirt  correspond  ng  to  ihe  studied  src«  for  l200  UT,  July  14.  197J  The 
percentage  c!  rcUuvc  buiiudity  and  water  vapor  c intent  (ui  grams  per  cubic  centimeter)  for  several  weather 
stations  are  shown  for  reference 


sphenc  water.  Since  the  22.235-  and  3l.4-GHz 
channels  arc  primarily  sensitive  to  water  vapor  and 
liquid  water,  we  will  use  these  logarithmic  functions 
rather  than  the  brightness  tempeniture  for  these 
two  frequencies  and  use  the  brightness  temperature 
itself  at  19.35  GHz.  This  discussion  is  not  at  all 
rigorous,  bu!  it  serves  to  describe  the  gross  behavior 
of  the  relationships,  and  the  functions  so  derived 
will  mitigate  the  nonlinear  behavior  of  the  problem. 
Since  we  an;  dealing  with  brightness  temperature 
much  colder  than  the  thermodynamic  temperature 
of  the  surface  or  atmosphere,  we  are  not  particularly 
sensitive  to  the  value  chosen  for  r, , thus  for  present 
purposes  we  will  set  r,  * 280K.  3^e  then  solve 


for  the  three  geophysical  parameters,  wind  speed 
}V,  cloud  liquid  water  content  L,  and  water  vapor 
y by  conventional  linear  regression  so  that  the 
parameters  are  solved  for  in  the  form 
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(20) 

where  the  values  of  a and  b are  given  as  follows: 


«,  -1008 
a,  1.831 


(■ 


fl,  J7.92 

A„  2.330 

b„  66.81 

i„  76.68 

6„  -0.0024 

ba  -0.0146 

b„  -0.2941 

b„  -0.0479 

-8.699 
6„  2.421 

In  Table  2 we  also  give  the  residual  of  each  of 
the  regressions  which  serves  as  an  estimate  of  the 
accuracy  with  which  the  retrieval  can  be  made  and 
the  a prion  standard  deviation  of  each  of  the 


variables  which  specifies  the  variability  in  the  data 
base. 

4.  RESULTS 

To  demonstrate  the  retrieval  technique,  two  orbits 
of  Nimbus  S ESMR  and  NEMS  data  were  chosen. 
In  order  to  utilize  both  ESMR  and  NEMS  data 
for  the  retrieval  calculations,  these  data  must  be 
matched  up  geographically.  Since  the  instantaneous 
fields  of  view  (IFOV’s)  for  the  NEMS  radiometers 
are  quite  different  from  those  of  ESMR,  it  is 
necessary  to  sum  up  all  the  2S  km  x 25  km  ESMR 
IFOV’s  which  are  contained  within  the  NEMS’ 


IFOV  that  is  approximately  200  km  x 200  km. 
The  brightness  temperatures  measured  at  0.96,  1.35, 
and  1.55  cm  radiometers  for  portions  of  orbits  2891 
and  2918  are  shown  in  Figures  1 and  2 plotted  as 
a function  of  latitude.  These  matched  data  sets  were 
then  input  into  (20)  to  yield  the  estimates  of  the 
surface  wind  speed,  cloud  liquid  water  content,  and 
water  vapor  content  in  the  atmosphere.  The  results 
of  these  computations  arc  also  shown  in  Figures 
1 and  2 along  with  the  corresponding  ESMR  images. 
By  showing  rain  and  land  areas  as  dark  shades, 
a spatial  perspective  on  the  data  is  provided.  The 
specific  data  sets  used  here  are  from  Nimbus  5 
orbits  2891  and  2918,  which  passed  near  the  eye 
of  Typhoon  Billie  at  about  1500  UT  on  July  14 
and  16,  1973,  respectively.  Figures  3 and  4 give 
the  corresponding  surface  analyses  (each  3 hours 
earlier  than  the  satellite  pass)  along  with  relevant 
observations  of  wind  speed  and  atmospheric  water 
vapor  content.  Examination  of  the  water  vapor 
retrievals  shows  first  that  this  varies  smoothly  with 
little  stn  cture.  More  specifically,  on  July  14  it  can 
be  seen  that  the  retrieved  water  vapor  of  about 
4.5  cm  at  30°N  agrees  almost  exactly  with  the 
observations.  Funher,  the  slight  decrease  in  water 
vapor  along  the  track  to  about  25°N  is  also  supported 
by  the  observations.  Beyond  that,  there  arc  no 
supporting  water  vapor  observations  for  this  orbit. 
On  July  16,  similar  agreement  is  observed  between 
water  vapor  observations  and  retrievals.  There  are 
no  direct  observations  of  cloud  liquid  water  content, 
but  the  areas  with  liquid  water  retrievals  below 
1 mg /cm  correspond  to  clear  areas  as  indicated 
by  thermal  infrared  images  from  the  same  satellite. 
Also,  the  fact  that  the  bulk  of  the  retrieved  data 
are  very  near  to  0 mg/ cm  suggests  that  there  is 
no  consequential  bias  in  this  retrieval.  Examination 
of  the  wind  speed  observations  shows  most  ob- 
servations in  the  15-30  kt  (7.5-15  m/s)  range  away 
from  the  storm  center  consistent  with  the  retrievals 
and  no  observations  in  the  high  wind  portions  of 
the  typhoon. 

5 CONCLUSION 

We  have  developed  a quasi-statistical  technique 
suitable  for  retrieval  of  geophysical  parameters  from 
microwave  radiometric  observations.  We  have 
derived  specific  equations  for  retneving  the  wind 
speed  at  the  ocean’s  surface  and  the  atmospheric 
contents  -f  both  liquid  and  water  vapor  from 
simultanc  us  observations  at  19.35,  22.235,  and  31  4 


GHz  and  applied  these  equations  tc  data  taken  by 
the  Nimbus  S spacecraft,  and  by  comparing  the 
results  with  available  observations  we  have  shown 
that  the  results  are  promising. 

The  estimates  of  liquid  water  content  in  this  study 
could  be  biased  upward  in  the  presence  of  precipi- 
tation because  the  present  regression  analysis  is 
performed  on  the  nonraining  data  ensemble.  Further 
study  in  this  area  is  required  to  resolve  this  problem. 
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ABSTRACT 

The  radiative  transfer  equation  has  been  solved 
using  a modified  Schuster-SchwartzschUd  approx- 
imation to  obtain  an  expression  for  the  solar  reflec- 
tance of  a snow  field.  The  parameters  in  the  reflec- 
tance formula  are  the  single  scattering  albedo  and  the 
fraction  of  energy  scattered  in  the  backward  direction. 
The  single  scattering  albedo  is  calculated  from  the 
crystal  size  using  a geometrical  optics  formula  and 
the  fraction  of  energy  scattered  in  the  backward 
direction  is  calculated  from  the  Mie  scattering  the- 
ory. Numerical  results  for  reflectance  are  obtained 
for  visible  and  near  infrared  radiation  for  different 
snow  conditions.  Good  agreement  has  been  found 
with  the  whole  spectral  range.  The  calculation  also 
shows  the  observed  effect  of  aging  on  the  snow 
reflectance. 


INTRODUCTION 

Interest  in  developing  techniques  for  remote 
measurement  of  snow  parameters  (e.g.  temperature 
profile,  density,  grain  size,  water  equivalent  and  free 
water  content)  have  signiCcantly  increased  in  recent 
yea;s.  One  of  the  more  promising  techniques  to 
monitor  these  parameters  is  that  of  microwave 
radiometry.  A recent  study  by  (Thang  et  al.  n976) 
has  used  a theoretical  scattering  model  tc  relate  the 
observed  microwave  brightness  temperature  to  the 
physical  temperature  and  snow  grain  size  for  snow 


on  glacier  ice.  By  utilizing  this  remotely  determined 
snow  grain  size  and  density  information,  the  solar 
spectral  reflectance  from  a snow  field  can  be  inferred. 
The  knowledge  of  spectral  reflectance  is  important 
because  it  determines  the  amount  of  solar  energy 
that  will  be  reflected  by  a snow  field.  The  present 
study  is  an  attempt  to  calculate  the  solar  reflec- 
tance of  a snow  cover  in  terms  -^f  parameters  which 
depend  upon  the  grain  size  and  density. 

For  incident  solar  radiation,  the  enen^  reflected 
at  the  surface  often  constitutes  only  a small  fraction 
(about  5%)  of  the  total  energy  that  is  reflected  by 
a snow  field.  For  visible  and  near  infrared  radiation, 
the  scattering  by  individual  snow  crystals  is  such  that 
the  major  portion  of  the  radiation  gets  scattered  in 
the  forward  direction.  The  small  fraction  of  energy 
that  in  scattered  in  the  backward  direction,  however, 
gets  enhanced  considerably  by  the  cumulative  effect 
of  many  scatterers.  Thus  the  major  portion  of  the 
incident  solar  radiation  which  tets  reflected  by  a 
snow  cover  is  due  to  the  volurnttric  effect  of  many 
scatterers. 

The  appropriate  equation  which  needs  to  be  solved 
for  calculating  the  cumulative  effect  of  many  scat- 
terers is  the  radiative  transfer  equation.  An  analytical 
solution  of  the  radiative  transfer  equation  when 
the  individual  scatterings  are  in  the  near  forward 
direction  is  rather  difficult,  but  a solution  can  be 
obtained  by  numerical  methods  (Choudhury  1977). 
In  this  paper  we  discuss  an  analytical  solution  with 
modified  Schuster-Schwartzschild  approximation 
(Sobolev  1963,  Sagan  and  Pollack  1967).  The  ex- 
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pre»ion  for  spectral  leflectance  obtained  from 
this  analytical  solution  of  the  radiative  transfer 
equation  can  be  evaluated  in  terms  of  snow  par- 
ameters. The  theory  presented  her;  is  intended  to 
show  the  influence  of  snow  parameters  op  the  solar 
reflectance  of  snow. 

There  have  been  several  theoretical  attempts 
to  relate  the  spectral  of  a model  snowcover  wdth 
its  physical  properties  (e.g.,  Dunkle  and  Bevans 
1956,  Giddings  and  La  Chapelle  1961,  Bergen  1970, 
1971,  1975,  Bohren  and  Barkstrom  1974).  These 
theories  either  contain  parameters  whi  h cannot 
be  obtained  directly  from  the  measured  physical 
properties  or  are  valid  for  a restricted  range  within 
the  visible  spectrum.  For  an  excellent  review  on 
snow  see  Mellor  (1977). 

In  the  following  the  general  expressions  and 
equations  needed  to  study  the  spectral  reflectance 
of  a snow  cover  are  given.  It  also  includes  the  back- 
ground information  regarding  the  snow  parameters 
and  the  solar  intensity  distribution  which  are  ex- 
pected to  influence  the  spectral  reflectance.  The 
analytic  solution  of  the  radiative  transfer  equation 
is  discussed  and  an  expression  for  the  spectral  reflec- 
tance obtained.  In  addition  comparisons  are  made 
for  the  obtained  numencai  results  and  the  observa- 
tions. 


GENERAL  FORMULATION 

The  solar  energy  incident  on  the  snow  surface 
can  be  divided  into  two  components:  the  collimated 
intensity,  4 failing  at  an  angle  respect  to 

the  normal  and  the  nearly  isotropic  diffuse  intensity 
/d  which  arises  due  to  the  atmospheric  scattering  of 
the  radiation.  The  flux  of  the  incident  radiation 
is  given  by 

* fcMo  + f(j  (1) 

where  Ud  ■cos^o- 

Since  most  of  the  incident  radiation  is  contained 
in  the  collimated  component,  the  flux  of  the  radia- 
tion reflected  by  the  snow-air  interface  4 approx- 
imately given  by 


where  r(6o)  is  the  Fresnel  reflectivity  of  the  surface. 
The  effect  of  randomly  oriented  faceted  grains  is  not 
considered. 

The  refracted  portion  of  the  incident  radiation 
will  progress  through  the  medium  (snow)  getting 
weaker  due  to  scattering  and  absorption.  It  is  con- 
venient to  separate  the  refracted  portion  of  the 
collimated  radiation  into  two  components:  the  un- 
scattered radiation  and  the  radiation  which  arises 
due  to  scattering.  This  separation  is  done  because 
the  unscattered  radiation  remains  angularly  con- 
centrated along  the  direction  of  refraction  but  the 
angular  distribution  of  the  scattered  radiation  de- 
pends upon  the  scattering  phase  function.  If  multiple 
reflection  at  tne  boundaries  of  the  medium  is  negli- 
gible then  the  unscattered  intensity  at  depth  x is 
given  by; 


fuW'fl  - '•(So))"*  fc  S(0  -0o)5(m  - Mo) 

exp  (-r/Mo)  (3) 

where  n is  the  index  of  refraction,  Mo  the  angle  of 
refraction: 


Mo 


lzA.T 


and  T is  the  optical  depth. 


X 
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where  7*(x)  is  the  extinction  coefficient  at  depth  x. 
The  delta  functions  in  eqn.  (3)  represent  the  con- 
straint due  to  the  collimated  nature  of  the  radiation. 

The  flux  of  the  unscattered  radiation  is  given 
by 


f<i  (f)  - (1  - '•(So))/cMo  e.\p  (-r/Mi)  (5) 


The  intensity  which  arises  due  to  scattering  of 
the  incident  radiation  is  to  be  obtained  by  solving 
the  radiative  transfer  equation  (Chandrasekhar 
1960): 
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where  n is  the  angle  o'  -adiation,  u>  is  the  single 
scattering  albedo  and  piu.ti ')  is  the  scattering  phase 
function. 

The  boundary  conditions  for  the  radiative  transfer 
equation  are  as  follows: 

(1)  If  the  snow-air  interface  is  assumed  to  be  a 
geometrically  smooth  surface  then  the  appropriate 
boundary  condition  is 

/*(r  ■ 0,  m)  ■ fOi)  /_(r  - 0,  /;)  + (1  - r(n))  n*  (7) 

where  is  the  radiation  going  downward  into  the 
snow  and  /_  is  the  radiation  going  upward  towards 
the  atmosphere.  The  first  term  on  the  right  hand 
side  represents  the  intensity  reflected  by  the  snow-air 
interface  and  the  second  term  accounts  for  the 
refracted  component  of  the  diffuse  intensity. 

(2)  The  second  boundary  condition  is  associated 
with  the  snow-soil  interface.  The  general  boundary 
condition  will  be  of  the  form: 

f_(fo  ,m)  ■ '■i  O')  (’■o  .m)  (8) 

where  r^  (p)  is  the  reflectivity  of  the  snow-soil  inter- 
face and  To  is  the  total  optical  thickness  of  snow. 

Once  the  solution  of  eq.  (6)  is  known  subject 
to  the  above  boundary  conditions,  one  can  cal- 
culate the  flux  of  the  radiation  emerging  from  snow 
as: 

1 

Fe-2tr  J /_(0,m)  (1  - r<M))0'dM/«')  (9) 
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APPROXIMATE  EXPRESSION  FOR  SNOW 
REFLECTANCE 

To  obtain  a closed  form  analytic  solution  of  the 
radiative  transfer  equation  (6),  the  following  as- 
sumptions are  made: 

(1)  The  medium  (snow)  is  a homogeneous  plane 
parallel  layer,  consisting  of  statistically  equal  size 
ice  spheres. 

(2)  The  Schuster-Schwartzschild  or  two-stream 
approximation  for  the  intensity  is  valid. 

(3)  The  angular  asymmetry  in  the  scattering 
process  can  be  described  by  introducing  a parameter 
which  weights  the  scattered  intensities. 

It  should  be  noted  that  with  the  first  approx- 
imation we  are  neglecting  the  presence  of  all  internal 
inhomogenities  like  enlarged  ice  glands  and  ice 
lenses  which  sometimes  form  during  the  process 
of  metamorphism.  The  other  two  approximations 
are  associated  directly  with  the  method  of  solution. 
It  has  been  shown  that  for  an  optically  thick  medium, 
the  solution  of  the  radiative  equation  under  the  above 
set  of  approximations  is  reasonably  accurate  (Sagan 
and  Pollack  1967). 

The  Schuster-Schwartzschild  or  two-stream  ap- 
proximation is  based  upon  partitioning  the  scattered 
radiation  into  mean  intensities  along  the  forward 
and  the  backward  hemispheres.  In  single  scattering, 
if  0 is  the  fraction  of  energy  scattered  in  the  back- 
ward hemipshere  with  respect  to  the  direction  of 
incidence,  then  we  can  replace  the  radiative  transfer 
equation  (6^  by  the  following  equations: 


The  albedo  of  snow  is  to  be  calculated  using  eq.  (1), 
(2)  and  (9)  as: 

A^(F^tFo)IF;  (10) 

The  volumetric  effect  of  scattenng  which  is  mainly 
responsible  for  large  values  of  albedo  is  associated 
with  the  emergent  flux  F^  appearing  in  eq.  (10) 
and  is  defined  through  the  eq.  (9).  The  calculation 
of  the  emergent  flux  requires  the  solution  of  the 
radiative  transfer  equation  (eq.  (6)). 


dljdr 

and 


w(l  -iJ)/'exp(-r) 


(11) 


-dl Jir  * + cj(l  - d) /_  + 

w + u(3/'exp(-r) 


where 


(12) 


/'Ml-^(0)l(/c+/d)  (a) 

and  /_  are  respectively  the  mean  intensities  along 
the  forward  and  backward  directions  with  respect  to 
the  direction  of  incident  radiation,  and  r(0)  is  the 
Fresnel  reflectivity  for  normal  incidence.  It  should  be 
noted  that  these  equations  'epresent  the  radiative 
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transfer  in  a one-dimensional  medium  (Sobolev 
1963). 

The  radiative  transfer  equation  (11)  and  (12) 
contains  two  parameters,  namely,  (1)  u,  the  single 
scattering  albedo  and  (2)  the  fraction  of  energy 
scattered  in  the  backward  direction.  We  will  discuss 
the  method  of  determining  these  parameters  before 
solving  this  radiative  transfer  equation. 

For  ice  particles  in  the  millimeter  range  and  the 
radiation  in  the  visible  or  near  infrared  region,  the 
size  of  the  particle  is  signiPicantly  larger  than  the 
wavelength.  Under  this  condition,  Mie  scattering 
theoiy  shows  the  extinction  cross-section  undergoes 
resonance  oscillations  for  small  changes  in  the  wave- 
length and  size  of  particle.  This  resonance  effect, 
however,  can  be  bluned  by  assuming  that  there  is 
a statistical  variation  in  the  particle  size  about  its 
mean  radius.  With  this  mean  size  value,  one  can  use 
the  geometrical  optics  approximation  to  calculate 
the  single  scattering  albedo  using  the  equation  (Irvine 
and  Pollack  1968,  Sagan  and  Pollack  1967); 

u - [e.xp  (-2*x  Ol  (13) 


where  r is  the  radius  of  the  particle  and  the  ab- 
sorption per  unit  length  of  ice  at  wavelength,  \.  In 
our  calculation,  we  have  used  values  tabulated 
by  Irvine  and  Pollack  (1968).  Following  the  above 
discussion,  instead  of  using  eq.  (13),  it  should  be 
noted  that  one  can  also  use  Mie  scattenng  theory  to 
calculate  the  single  scattenng  albedo. 

Consistent  with  eq.  (13)  the  extinction  coefficient 
reqtured  in  the  calculation  of  optical  depth  (eq.  (4)) 
is  given  by 


7e  ” 


7 a 


(14) 


where  p,  and  pj  are  respectively  the  density  of  snow 
and  the  density  of  ice. 

The  fraction  of  energy  scattered  in  the  backward 
direction,  in  a single  scattering  has  been  studied 
by  many  investigators  (e.g.  Bartky  1968,  Sagan  and 
Pollack  1967).  This  parameter  can  be  related  to  the 
scattering  phase  function  p(cos  d)  as; 

dn 

23  ■ 1 - / P (cos  fl)  cos  5 (15) 

4rr 


of  solid  angle  in  the  co-ordinate  system  where  d is 
the  polar  angle.  The  normalization  condition  for 
the  phase  function  is 

dr* 

;p(cosfl)—  »I  (B) 

4ff 

When  the  phase  function  is  expanded  in  terms  of 
Legendre  polynomials,  the  parameter  3 can  then  be 
expressed  in  terms  of  the  coefficient  of  the  first 
• order  Legendre  polynomial. 

For  a given  particle  size  one  can  use  Mie  scattering 
theory  to  calculate  the  phase  function  and  then  use 
eqn.  (15)  to  calculate  the  value  of  3-  Calculations 
performed  by  Irvine  and  Pollack  (1968)  show  that 
when  the  size  of  the  particle  is  significantly  larger 
than  the  wavelength  of  the  radiation,  the  value  of 
3 is  about  0.075,  i.e.,  in  smgle  scattering  only  7%  of 
the  incident  energy  Is  scattered  in  the  backward 
direction,  In  our  calculation,  we  have  used  this 
value  of  3 (0.075)  because  for  visible  and  near  infra- 
red radiations,  the  scattering  by  individual  ice  crystals 
IS  mdeed  in  the  near-forward  direction. 

For  a thick  snow  layer,  the  general  solution  of 
eqns.  (11)  and  (12)  can  be  obtained  by  standard 
methods  (see  Sobolev  1963,  p.  33)  as 

/^(t)*4|i  + ^-^jce-'"’ -/'e-^  (16) 

and 

/.(r)*4(l-  -^-^jce-''^  (17) 

where  C IS  the  constant  of  integration  and 


wt' *(1  -o;)(l -wj(l -23))  (C) 


To  determine  the  constant  of  integration  we  now 
impose  the  boundary  condition  (7)  to  obtain 


C« 


21' 


i^)) 


(18) 


With  the  knowledge  of  complete  solution,  the  re- 
flectance for  a one -dimensional  system  can  be  cal- 
culated as; 


where  3 IS  the  scattenng  angle  and  dn  IS  an  element  .4  * r(0)  /_(r  » 0)  ( 1 - r(0))  [!,'(/;  ■*• /d)!  (19) 
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Tht  explicit  exprcuioa  for  rtflactincc  is: 

0-K0))‘« 


i4-f(0)  + 


1 -r(0)et 


whtn 

ot  ■ (fc  - 1 + u}/(k  + 1 - cj) 


(20) 

(D) 


(Note  that  for  u ■ 1 one  finds  a ■ 1) 

The  Fresnel  reflectivity  for  notnul  incidence, 
r (0),  can  be  calculated  from  the  reflective  index 
of  ice,  n using  the  formula: 


KO) 


«-  1 
«+  1 


a 


(21) 


Since  the  spectral  dependence  of  n in  the  visible 
and  the  near  infnred  region  is  extremely  weak 
(Irvine  and  Pollack  1968),  we  have  used  a constant 
1 JO  for  n in  calcuiatini  the  r(Q). 


The  expression  for  reflectance  is  in  close  resem* 
blance  with  that  calculated  by  Dunkle  and  Bevans 
(19S6)  without  expUdtly  making  reference  to  a 
one-dimensional  system.  The  definition  of  the  par- 
ameters appearing  in  eqn.  (20)  are,  however,  quite 
different.  We  thus  note  that  although  there  is  a 
formal  resemblanca  between  the  expression  for 
reflectance  obtained  in  this  paper  and  that  obtainr .. 
by  Dunkle  and  Bevans  (1956),  the  method  of  ob- 
taining this  expression  and  the  method  of  calculating 
the  parameters  of  this  expression  ate  quite  different 
in  the  two  casH. 

The  expression  for  reflectance  obtained  in  this 
paper  is  based  upon  simplifying  approximations. 
We  have  discussed  these  approximations  and  at- 
tempted to  provide  their  justification.  The  ultimate 
juatiflcation  of  the  model  is  to  be  found  by  com- 
paring with  the  experimental  observations.  In  the 
next  section,  we  provide  the  numerical  results  and 
compare  them  with  the  observations. 


Fig.  1.  niustailom  of  the  effect  of  giffeteat  new  eiystali  on  now  reflectance. 
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NEARLY  FRESH  SNOW 


Fig.  2.  Compahjon  of  caicubted  and  observed  reflectance  of  a nearly  fresh  snow. 


RESULTS  AND  DISCUSSION 

By  examining  eqn.  (20)  the  single  scattering 
albedo  w is  the  only  varying  parameter  in  calcu- 
lating the  snow  reflectance  .^or  a given  wavelength. 
Since  u is  directly  related  to  the  snow  crystal  radius, 
it  is  possible  to  characterize  the  snow  condition 
by  specifying  the  radius  of  the  ice  crystals. 

"Hie  ice  crystals  of  freshly  <^allen  snow  are  usually 
of  complex  form  and  contain  sharp  comers.  The 
shape  of  these  crystals  changes  with  time,  depending 
upon  the  vapor  content  and  the  prevalent  temper- 
ature. The  process  of  equi-temperature  metamor- 
phism leads  to  the  production  of  fairly  uniform 
and  well  rounded  grains.  At  the  imtial  stage  ot  us 
metamorphism  the  mean  radius  of  the  ice  crystals 
IS  about  0.2  mm.  The  radius  then  continues  to 
increase  as  the  process  of  metamorphism  advances. 
At  a fairly  advanced  stage  of  this  metamorphism, 
the  radius  increases  to  about  1 .0  mm.  The  effect  of 


other  metamorphism,  such  as  the  temperature- 
gradient  metamorphism  or  the  melt-freeze  meta- 
morphism,  is  generally  to  produce  non-spherical 
and  non-uniform  ice  crystals.  Also,  the  crystals  are 
larger  than  with  equi-temperature  metamorphism. 
Thus,  although  it  is  not  unique,  one  should  be  able 
to  use  the  radius  of  ice  crystal  to  characterize  the 
stage  of  metamorphism. 

Fig.  1 illustrates  the  changes  in  the  calculated 
snow  reflectance  due  to  the  difference  in  the  crystal 
radius.  The  chosen  radii  are  the  typical  snow  crystal 
sizes  for  different  stages  of  the  equi-temperature 
metamorphism.  The  overall  shape  of  the  curve  does 
not  seem  to  depend  upon  the  radius  of  the  ice  crys- 
tals but  the  relative  magnitudes  of  various  parts  of 
the  curve  vary  with  the  idius.  The  spectral  reflec- 
tance m the  red  and  near-infrared  regions  shows 
maximum  sensitivity  to  the  crystal  sizes. 

In  Fig.  2 we  show  the  calculated  snow  reflec- 
tance compared  with  the  experimental  values  for  a 
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Fi|.  3.  Comparison  of  calcuUttd  and  observed  reflectance  of  a naturally  aged  snow. 


nearly  fresh  snow  (O’Brien  and  Munis  1975).  The 
results  of  the  calculation  are  in  good  agreement  with 
the  observations.  All  prominent  spectral  structures 
appealing  in  the  observation  are  well  duplicated 
in  the  calculations.  The  quantitative  agreement  is 
also  good  but  should  be  treated  with  caution  be* 
cause  the  experimental  results  are  relative  to  a stan* 
dard  (white  banum  sulfate)  reflector.  It  is  however 
reassuring  that  the  radius  values  used  in  the  calcu- 
lation are  in  the  range  expected  for  a freshly  fallen 
snow. 

In  Fig.  3 we  comps  ; the  calculated  and  the 
observed  reflectance  of  a naturally  aged  two  days 
old  snow  (O’Brien  and  Munis  1975).  There  is  a 
good  qualitative  agreement  between  them.  The 
radii  for  the  snow  crystals  which  give  agreement 
with  the  observation  are  larger  than  those  for  the 
freshly  failrn  snow  (Vij.  fhe  natural  aging  proceu 
of  snow,  during  the  v.bsjrvations,  w»»  :uch  that  the 
tmbisnt  air  temperatute  was  hovering  above  and 


below  freezing  point.  It  is  unlikely  that  the  snow  was 
undergoing  the  equi-temperature  metamorphism. 
As  a result,  the  ice  crystals  were  probabl>  non-uni- 
form within  the  mow.  Furthermore,  if  the  effect  of 
the  solar  irradiance  is  interpreted  as  simply  to  ad- 
vance the  process  of  metamorphism  of  the  snow 
layer  in  contact  with  the  au,  then  the  radius  of  the 
ice  crystals  in  the  top  layer  will  be  larger  than  those 
deep  within.  Since  the  absorption  coefficient  of  tee 
increases  with  the  wavelength,  the  effective  thickness 
of  the  snow  layer  that  contributes  to  the  leflectance 
decreases  with  the  wavelength.  Therefore,  the  re- 
flectance for  longer  wavelengths  should  have  more 
influence  from  the  top  layer  of  snow  and  the  re- 
flectance for  shorter  wavelengths  si.  uld  correspond 
more  to  the  deeper  snow  layer.  This  is  a probable 
cause  for  the  reflectance  of  the  smaller  crystals 
giving  better  agreement  at  shorter  wavelengths 
while  the  reflectance  of  the  larger  crystals  ^ve 
better  agreement  at  longer  wavelengths.  Although 
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comparisons  are  made  with  the  observations  of 
O’Brien  and  Munis  (1975),  similar  observations 
have  also  been  made  by  Vickers  (1973)  and  Valov- 
cin(1978). 

Based  on  calculated  results,  two  potential  appli- 
cations in  remote  snow  reflectance  mo  nitoring  are 
possible:  (1)  the  use  of  multispectrai  bands  to  infer 
the  radiation  heat  flux  over  a snow  covered  area; 
and  (2)  the  um  of  visible  and  n<.4r-infrared  channels 
to  detect  melting  snow. 

The  large  contrast  in  snow  and  soil  reflectance 
makes  it  poss'ble  to  monitor  quantitatively  the 
amount  of  solar  radiation  absorbed  by  the  earth’s 
surface.  I'he  degree  of  heat  insulation  by  snow  cover 
depends  on  the  snow  reflectance  which  is  shown 
to  be  directly  related  to  'he  snow  ciystal  size  in  this 
paper.  Therefore  a spacebome  multispectral  scanning 
irutrument  can  provide  a method  to  monitor  the 
heat  flux  over  a snow  cover  area  under  'he  National 
Weather  and  Climate  Program. 

The  second  potential  application,  th?c  of  detect- 
ing melting  snow,  U based  on  the  cakulaticn  that 
the  snow  reflectance  decreases  rapidly  with  the 
increase  in  snow  crystal  size.  The  existence  of  melt 
water  on  tne  snow  surface  will  tend  to  increase  the 
crystal  size,  and  also  iu  the  near  infrared  region  the 
absorption  per  unit  length  of  water  is  higher  than 
mat  of  ice.  As  a result,  the  reflectance  o'  melting 
snow  is  expected  to  be  lower  than  the  dry  * •'  - in 
the  near  infrared  region. 

The  theory  presented  here  does  show  thi  qual- 
itative and  quantitative  features  of  the  observed 
reflectance.  However  the  one-dimensional  approach 
cannot  duiinguish  the  effects  of  the  direct  and  the 
diffuse  solar  radiations.  A more  complexed  analysis 
is  needed  to  assess  the  effect  of  directional  irradia- 
tion. In  this  regard  the  effect  of  surface  roughness 
should  also  be  considered. 
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Two-Stream  Theory  of  Reflectance  of  Snow 

B.  J.  CHOUDHURY,  MEiMSER,  ieee,  and  ALFRED  T.  C.  CHANG 


4A(iMcr-Spactxal  Milectnoe  of  saow  undat  diffuse  Slaminstioa  is 
studied  wiuf  die  t**o-stfeim  appraximttioa  of  die  taduthre  tniisfer 
equtkMu  Tke  scattniig  end  sbsotplioa  penmetes  of  the  ndisthre 
tniMfet  eqaathM-tfic  shtfie  acatttiir!]  tlbedo,  the  optical  depth,  and 
the  phase  hnetioe  aie  obtained  f^Mi  th*  intn  size  and  den* 

sitjr  of  aM>v.  Analytical  expitesioQS  for  the  in:  idtin  the  s.iow- 

pa^  the  leflectance,  and  the  asymptotic  Dux  .lun  coefficient, 
IN  ghresi.  Good  apeemeat  b shown  between  the  thcoty  and  available 
aape  dmentsl  data  on  viaibla  and  near-infmed  tefleconce,  snd  the 
aaymptotic  flux  extinction  coefficieat.  The  theoiy  may  also  be  ssed 
to  explain  the  obamtd  effect  of  a|inf  on  the  snow  leflcctance. 


I.  Introduction 

INTEREST  in  developing  techniques  for  remote  measurement 
of  snow  pe-  jiMters  (e.g.  density,  grain  size,  water  content) 
have  increased  significantly  in  recent  years.  One  of  the  more 
promisiag  techniques  to  monitor  these  parameters  is  that  of 
microwave  radiometiy.  A recent  study  by  Chang  and  Choud- 
huty  [7]  has  used  a radiative-transfer  model  to  explain  the  ob- 
served IrT^tnesi'  temperature  of  polar  fim  from  the  measured 
physical  temperature,  density,  and  grain  size.  Analysis  of  spec- 
tral reflectance  is  an  alternative,  and  complementary  to  micro- 
wave  rsdiometry.  Apart  from  remote -sensing  purpos. the 
study  of  spectral  reflectance  is  relevant  in  climatology  because 
it  determines  the  amount  of  solar  radiation  absorbed  by  the 
earth’s  surfs«,c. 

There  have  been  several  theoretical  attempts  to  relate  ire 
spectral  reflectance  of  a model  srowcover  with  its  physical 
properties  (e.g.,  (11),  [17],  [2]-[5l).  These  theories  either 
contain  paranwters  which  cannot  be  obtained  directly  from 
N 1 measured  phj  Jeal  properties  or  art  valid  for  a restricted 
range  within  the  visible  spectrum. 
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For  visible  and  pear-infrared  radiation,  the  scattering  by 
individual  ice  grains  is  such  that  a major  portion  of  the  radia- 
tion gets  scattered  in  the  forward  direction  [5] . The  high 
reflectivity  of  snow  is  due  to  the  multiple -scattering  effect 
within  snow.  Calculation  of  spectral  reflectance  necessarily 
involves  a study  of  radiative  transfer  in  snow.  For  this  pur- 
pose, the  radiativft-transfer  equation  is  useful  if  snow  is  repre- 
sented by  isolated,  randomly  distributed  ice  grains.  The  physi- 
cal picture  of  snow,  thus  stipulated,  provides  a simplistic  model 
studit  i in  aforementioned  references.  The  snow  parameters 
enter  into  the  radiative  '.ansfer  equation  through  the  single 
scattering  albedo,  the  extinction  coefficient,  and  .he  phase 
function. 

The  physical  properties  of  a natural  s wcover  are  g illy 
not  known  accurately  and  axe,  at  best,  approximately  homo- 
geneous. Although  an  accurate  solution  of  the  radiative- 
transfer  equation  will  be  useful  for  standard  reference  and 
comparison  purposes,  to  date  no  such  calculation  has  been 
performed.  Based  on  an  approximate  solution  of  the  radiative- 
transfer  equation,  a simplistic  t.heory  of  spectral  reflectance  is 
given  in  this  paper.  All  parameters  in  the  theory  can  be  calcu- 
lated directly  from  the  measured  physical  properties  of  snow, 
and  the  theory  is  applicable  to  visible  and  near-infrared  radia- 
tion. The  ex3'  . points  of  departure  between  the  analysis  pre- 
sented below  and  the  previous  reported  result-  v-..^'.  Instead 
of  discussing  these  differences,  a comparison  wul  be  made  to 
shew  the  relationship  among  the  results.  In  addition,  com- 
parisons will  be  made  between  the  theo.y  and  the  observations. 

H.  .4-PProximate  Expression  for  Reflectance 

To  obtain  a closed-form  analytic  expression  tor  reflectance, 
the  following  assumptions  will  be  made . 

1)  fhe  snowcover  is  homogeneous. 

21  Radiative  transfer  within  the  snowcover  can  be  studied 
by  dividing  the  ladiation  field  into  two  streams  of  intensities. 

3)  Geometne  optics  calculations  can  be  used  to  ohr»i-. 
scattering  and  absorption  parameteis  of  individual  ice  grams. 
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With  the  &st  assumption  the  presence  of  internal  inhomogene- 
ities is  neglected.  This  assumption  is  particularly  crucial  for  a 
natural  snou^ack  because  of  metamcrphism.  This  is  also  a 
common  assumption  in  aL  presr  ous  models. 

The  two -stream  representation  of  the  radiation  field  is  a 
widely  used  method,  and  siiown  to  be  a reasonably  accurate 
approximation  of  the  radiative-transfer  equation  (e^.,  [9] , 
[10],  [24],  [25].)  Coakley  and  Giylek  [9],  in  particular,  have 
performed  a critical  study  of  the  validity  of  this  approximation 
for  different  choices  of  the  radiative-transfer  parameters.  This 
result  depends  not  only  upon  the  values  chosen  but  also  upon 
the  combination  of  the  parameters.  Although  multiple- 
scattering problems  can  be  solved  analytically  with  this  ap- 
proximation, the  use  of  this  approximation  is  a weakness  of 
this  study.  A special  form  of  this  approximation  was  used 
previously  in  the  calculation  of  snow  reflectance  [1 1 ] , [4] . 

In  general  form,  the  two -stream  approximation  corresponds 
to  replacing  the  radiative-transfer  equation  by  the  following 
coupled  differential  equations  for  mean  intensities  (/«(r)  and 
/.(r))  in  the  forward  and  the  backward  hemispheres: 

6(dl^)/idr)  = + w(l  - + wdf- 

- Sidl.VidT)  « -7.  + w(l  - /J)7.  + W07* 

where  o)  is  the  single  scattering  albedo,  and  r is  the  optical 
depth  within  the  snow,  given  by 

• r * 

where  y,  is  the  extinction  coefficient  and  z is  the  depth  mea- 
sured from  the  snow  surface  within  the  $now:over.  The  coef- 
ficients 5 and  ^ are  parameters,  the  choice  }f  which  distin- 
guishes alternate  forms  of  the  two-stream  approximation. 
Some  of  the  choices  of  5 and  0 are  as  follows. 

1)  Generalized  Schuster-Schwartzschild  [25] 

Si  a ^ 


2)  Modified  Schuster-Schwartzschild  [17],  (I'Jj 
5,  - l/y/3 

^2  ■ j [l  - y J*  p (cos  0)  cos  9 sin  9 do\ 


observatiors,  one  needs  to  perform  a theoretical  calculation  by 
specifying  the  shape,  size,  and  the  refractive  index  of  ice  grains. 
By  discussing  the  difficulty  and  the  limitations  associated  with 
the  choice  of  shape,  a recent  study  on  snow  [5]  considered 
spherical  nonabsorbing  particles  and  used  geometric  optics  to 
calculate  the  phase  function.  Geometric  optics  calculations 
for  transparent  spheres  [5] , [13]  give  the  value  of  the  param- 
eter h as  07)65.  Using  the  approximate  relationship  between 
the  parameters  and  h [25]  the  value  of  the  parameter 
is  obtained  as  0.12  1 0.05.  The  uncertainty  in  dj  is  due  to  the 
stated  accuracy  of  the  approximate  relationship.  Because  of 
this  uncertaint>',  only  the  modified  two -stream  approximation 
will  be  compared  with  observations. 

The  single  scattering  albedo  u,  can  be  obtair.ed  from  the 
same  calculation  method  which  gives  the  phase  function.  As 
with  the  phase  function,  it  is  convenient  to  consider  that  snow 
consists  of  spherical  particles.  A simple  formula  which  re- 
prr  luces  the  single  scattering  albedo  with  considerable  accu- 
racy as  compared  with  the  Mie  theory  results  is  [IS] 

w“(l/2)  + (l/2)exp(-1.67kx^) 

where  is  the  absorption  coefficient  of  ice  for  wavelength  X 
[14] , [15]  and  r is  the  radius  of  the  sphere.  For  nonspherical 
particles,  one  can  use  this  formula  by  modifying  the  numerical 
coefficient  in  the  exponential  [19] . The  spectral  depe' -fence 
of  the  single  scattering  albedo  is  through  the  absorption 
coefficient. 

The  extinction  coefficient  of  snow  7,  is  the  product  of  the 
extinction  cross  section  and  ti’.e  number  density  of  ice  grains 
[8],  By  taking  the  extinction  cross  section  as  2nr^ , one 
obtains 

7,  » (3/2r)  (p/p,) 

where  p and  are,  respectively,  the  density  of  snow  and  ice. 
An  parameters  in  the  radiative-transfer  equation  have  now 
been  related  with  the  physical  properties  of  the  snowcover. 

The  question  of  appropriate  boundary  condition  at  the 
snow-air  interface  has  been  discussed  by  Barkstrom  [1].  It 
was  concluded  that  for  visible  and  near-infrared  radiations, 
this  interface  should  not  be  treated  as  it  >t  were  a dielectric 
discontinuity-similar  to  the  case  of  air-ocean  or  air-ice  inter- 
face. Based  on  this  study  if  the  suiface  of  the  stiowpack  is  not 
ice  glazed  (Fig.  1 ),  then  for  diffuse  incident  radiation  7o , the 
boundary  conditions  for  the  solution  ot  the  equa'ions  are 


where  p(p,  p ) and  p(cos  9)  have  the  usual  meaning  of  the 
phase  function  [6]  for  an  axially  symmetric  (laminar)  medium. 

It  is  expected  that  difi^erent  set  of  5 and  D will  give  different 
numerical  results.  The  merit  of  a choice  for  a particular  appli- 
cation should  be  decided  by  comparison  with  the  exact  solu- 
tion of  the  radiative-transfer  equation.  Unfortunately,  as  stated 
in  the  introducJon,  such  a comparison  cannot  be  made  for  the 
present  application.  In  the  following,  die  method  of  determin- 
ing the  paramete.s  and  the  solution  of  the  equations  will  be 
discussed. 

The  phase  function  needed  for  the  calculation  of  3 can  be 
obtained  from  exper-iental  otservations  or  from  a scattering 
theory  calculanon.  Since  there  are  no  available  exoenmental 


/»{0)*/o 

/.(To)*/?/,(To) 

where  R 1$  the  reflectivity  of  the  underlymg  surface  and  to  is 
the  total  optical  thickness  of  the  snowcover: 

To  ■ 7.x 

where  h is  depth  of  the  snowcover. 

Following  standard  piocedures  [20]  the  solution  can  be 
written  as 
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From  this  solution,  the  rtHectance  <4(to)  can  be  calculated  as 

^(r,)-(/.(0)V/o 

_ (Ra  - l)g  > (g  - 
(/Ja- l)  + a(a- 

For  a deep  snowpack  (tq  **  •■),  the  reflectance  is  given  by 
y4(*»)  ■ a. 

The  asymptotic  flux  extinction  coefficient  Is  obtained  as 


[mhL 


F-  -7, 

L\  ar  /I  Jr  — 

■(3,o)/(2,-5c,i  [(1  - w)(l  - ui  + Iccd))'/*. 


III.  CoMPARiso‘'r  WITH  Previous  Calculations  and 
Observ.\tions 

The  r'’»''tance  of  a deep  snow-  *r  and  the  asymptotic 
flux  exth.ction  coeffiaent  can  be  i^i.ulated  from  the  gram 
sue  and  the  density  of  the  snowcovet.  Besides  the  assumptions 
made  in  obtaming  the  analytical  resulvs.  the  model  of  spherical 
particles  was  used  to  calculate  the  optical  properties  of  indi- 
vidual ice  gram>.  Although  the  backscattered  fraction  3 is 
shown  not  very  sensitive  to  the  particle  geometry  (25] , other 


optical  parameters  (i.e.,  the  single  scattering  albedo  and  the 
extinction  coefficient)  do  depend  upon  the  geometry.  The 
ice  grains  of  a snowcover  are  not  spherical.  The  shape  is  gen- 
erally oblong  and  of  variable  dimensions.  Although  average 
optical  properties  of  the  grains,  due  to  their  random  orienta- 
tion with  respect  to  the  mean  intensity,  may  correspond  to  a 
sphere,  reservation  should  be  exercised  regarding  the  applica- 
bility of  the  theory  to  a real  snowpack.  Thus  the  comparison 
between  the  theory  and  Jie  experimental  observation  presented 
below  should  not  be  regarded  as  conclusive.  Note  that  all  re- 
sults are  obtained  for  a deep  snowpack  (tq  ■*  ••). 

Bergen  [2J . [4]  related  semiempirically  the  snowpack  param- 
eters to  the  reflectance  and  to  the  asymptotic  flux  extinction 
coefficient  derived  by  Dunkle  and  Bevans  ( 1 1 ] . Using  the  ap- 
proximate solution  of  the  radiative-trarufer  equation  derived 
by  van  de  Hulst  [22] , [23]  and  taking  thr  model  of  spherical 
ice  graiiu  [S] , Bohrer  and  Barkstrom  related  the  snow  param- 
eters to  the  reflectance  and  to  the  asymptotic  flux  extinction 
coefficient  for  visible  radiation.  The  theoretical  approach  pre- 
sented here  differs  from  that  of  Bohren  and  Barkstrom,  not 
only  in  the  app  oximation  method  for  the  solution  of  the 
radiative-transfer  equation  but  also  in  the  equations  relating 
the  physical  properties  of  snow  to  the  parameters  of  the 
radiative-transfer  equation.  Since  Bohren  and  Barkstrom  have 
compared  their  theory  with  Bergen's  results,  tne  following 
comparison  will  be  restricted  to  Bohren  and  Baikstrom’s 
theory.  The  status  of  the  experimental  observations  of  the 
reflectance  and  the  flux  extinction  coefficient  is  disappointing 
either  because  of  quantitative  disagreement  [16] , [21]  ( r due 
to  incomplete  specification  of  snow  parameters  [18] . ce 
Bohren  and  Barkstrom  have  compared  with  Lilljequist’s  ob- 
servations [16],  this  comparison  will  be  discussed  first  with 
the  present  theory.  Fig.  2 and  Table  I show  this  comparison 
for  the  asymptotic  flux  extinction,  and  the  reflectance  of  a 
deep  snowcover.  Although  present  theory  appears  to  be  little 
inferior  to  Bohren  and  Barkstrom's  theory,  :t  is  difficult  to 
vindicate  either  theory  because  the  observations  have  not  yet 
been  duplicated.  The  discrepancy  between  the  models  is  par- 
ticularly noticeable  m the  asymptotic  flux  extinction  coeffi- 
cient. Whereas  Bohren  and  Barkstrom  predict  lower  values, 
the  present  theory  predicts  higher  ones  than  the  observations. 

Fig.  3 shows  the  calculated  snow  reflectance  compared  with 
the  experimental  values  for  a nearly  fresh  snow  [18].  The 
snow  density  and  mean  crystal  radius  used  in  this  calculation 
are  0.17  g/cm’  and  0.1  mm,  respectively.  The  results  of  the 
calculation  are  in  good  agreement  with  the  observations.  AD 
prominent  spectral  structures  appearuig  m the  observation  are 
weU  duplicated  in  the  calculations.  The  quantitative  agreement 
IS  also  good  but  should  be  treated  with  caution  because  the 
experimental  results  are  relative  to  a standard  (white  barium 
sulfate)  reflector  It  is,  however,  reassuring  that  the  radius 
values  used  m the  calculation  are  m the  range  expected  for  a 
fresh-i'aDen  snow. 

The  ice  crystals  of  fresh-faUen  snow  usually  are  of  complex 
form  and  contam  sharp  comers.  The  shape  of  these  crystals 
changes  with  time  depending  upon  the  "apor  content  and  the 
prevalent  temperature.  The  process  of  equi-temperaturs  meta- 
morphism  leids  to  the  production  of  fauly  uniform  and  well- 
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2.  Conpuison  of  obierved  and  calculated  values  of  the  asymptotic  flux  extinction 

coefficient 


TABLE  I 

GMeVAaisoM  Of  OesiavED  and  Calculated  Valus  or  the  REFUCTAmrt 
Snow  Paeametexs 
(p  w 0.43  I/cm’,  r * 0.15  mm) 
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0 960 
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09«0 

0 954 

0 550 

0 9*4 

0 921 

0 040 

*Di(S  Ul|«9yt»l(  1914) 


rounded  grains.  At  the  initial  suge  of  this  metamorphism  the 
mean  radius  of  the  ice  crystals  is  about  0.2  mm.  The  radius 
then  continues  to  u crease  as  the  process  of  metamorphism  ad- 
vances. Ai  a fairly  advanced  stage  of  this  metamorphism,  the 
radius  increases  to  about  1 .0  mm.  The  effect  of  other  meta- 
morphisms  such  as  the  temprature-gradient  or  the  melt- freeze 


Fig.  3.  Companson  of  observed  fnd  calculated  visible  and  neat-infraicd 
reflectance  o'  nearly  fresh  snowptek. 
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OMtamorphism  is  generally  to  produce  nonspherical  and  non* 
uniform  ice  crystals;  also  the  crystals  are  larger  than  equi- 
temperature  metamorphism.  Thus  although  it  is  not  unique, 
one  should  be  able  to  use  the  radius  of  ice  crystal  to  charac- 
terize the  stage  of  metamorphism.  Fig.  4 illustrates  the  changes 
in  the  calculated  snow  reflectance  due  to  the  difference  in  the 
crystal  radius  (r  » 0.075,  0.2,  and  OJ  mm).  The  chosen  radii 
are  the  typical  snow  crystal  sizes  for  different  stages  of  the 
equi-temperature  metamorphism.  The  overall  shape  of  the 
curve  does  not  seem  to  depend  upon  the  radiiu  of  the  ice  crys- 
tals but  the  relative  magnitudes  of  various  parts  of  the  curve 
vary  with  the  radius.  The  spectral  reflectance  in  the  red  and 
near- infrared  regions  shows  maairoum  sensitivity  to  the  crystal 
sires. 

rV.  CONClfSlON 

Based  on  the  two -stream  approximation  of  the  radiative- 
transfer  equations,  analytic  results  for  the  reflectance  and  the 
asymptotic  flux  extinction  coefficient  of  a homogeneous 
snjwpaclc  are  derived.  Using  geometric  optics  calculations  for 
spherical  particles,  the  reflectance  and  the  extinction  coeflfi- 
dents  are  related  to  directly  measurable  snow  parameters  (den- 
sity and  the  grain  size).  Good  agreement  was  shown  with  the 
observed  spectral  dependence  of  the  reflectance  and  the  ex- 
tinction coefflcients  using  the  measured  (expected)  snow 
parametrn.  Further  observations  are  highly  desirable  to  test 
•he  accuracy,  and  hence  to  refine  the  calculation.  The  appli- 
cability of  the  radiftive-txansfsr  equation  itself  should  be  clari- 
fied because  the  ice  grains  are  generally  in  contact  with  each 
other. 
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NASA  Technical  Memorandum  80576  October  1979 

ON  THE  ANGULAR  VARIATION  OF  SOLAR  REFLECTANCE  OF  SNOW 

0.  J.  Choudhury 
and 

A.  T.  C.  Chang 
ABSTRACT 

Spectral  and  integrated  solar  reflectance  of  non-homogeneous  snowpacks  are  derived 
assuming  surface  reflection  of  direct  radiation  and  subsurface  multiple  scattering. 
For  surface  reflection,  a bidirectional  reflectance  distribution  function  derived  for 
an  isotropic  Gaussian  faceted  surface  is  considered,  and  for  subsurface  multiple 
scattering,  an  approximate  solution  of  the  radiative  transfer  euqation  is  studied. 
Solar  radiation  incident  or  the  snowpack  is  decomposed  into  direct  and  atmo- 
spherically scattered  radiation.  Spectral  attenuation  coefficients  of  ozone,  carbon 
dioxide,  water  vapor,  aerosol  and  molecular  scattering  are  included  in  the  calcu- 
lation of  incident  solar  radiation.  Illustrative  numerical  results  are  given  for  a case 
of  North  American  winter  atmospheric  condition.  The  calculated  dependence  of 
spectrally  integrated  directional  reflectance  (or  albedo)  on  solar  elevation  is  in 
qualitative  agreement  with  available  observations. 
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ABSTRACT 


This  report  presents  preliminary  results  of  the  soil-moisture  remote  sen- 
sing experiment  of  November  1975.  using  a synthetic  s jerture  radar 
(SAR)  system.  The  experiment  was  performed  using  the  Environmental 
Research  Institute  of  Michigan's  (ERIM)  dual-frequency  and  dual- 
polarization side-looking  SAR  system  on  board  a C46  aircra^.  The 
operating  frequencies  were  1.304  GHz  (23  cm.  L-band)  and  9.3'  5 GHz 
(3.2  cm,  X-band).  For  each  frequency,  horizontally  polarized  pubes 
were  transmitted  and  both  horizontally  and  vertically  polarized  return 
signals  were  recorded  on  the  signal  film  simultaneously.  The  test  sites 
were  located  in  St.  Charles,  Missouri; Centralia.  Missouri;  and  Lafayette, 
Indiana.  Each  test  ' le  was  a 4.83-km  by  8.05-km  (3-mile  by  5-mile) 
rectanguKir  strip  ^ train.  Concurrent  with  SAR  ove'  light,  ground  soil 
samples  of  0-tc.  cm  and  O-to-15-cm  layers  were  collected  for  soil 
moisture  estimation  The  surface  features  were  also  noted.  Hard-copy 
image  films  and  the  digital  data  produced  via  optical  processing  of  the 
signal  films  are  analyzed  in  this  report  to  study  the  relationship  of  radar 
bacKscatter  to  the  moisture  content  and  the  surface  roughness.  Many 
difficulties  associated  with  processing  and  analysis  of  the  SAR  imagery 
are  noted.  In  particular,  major  uncertainty  in  the  quantitative  analysis 
appeared  due  to  the  difficulty  of  quality  reproduction  of  digital  data 
from  the  signal  films. 
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The  effect  of  lurfece  rou|Lna*  on  the  bnthtneu  tempeniurc  of  a motit  tefraiii  haa  been  studied 
tfaioufh  the  modification  of  Fresnel  reflecuon  coefficient  and  uain|  the  radiauve  transfer  equauon.  The 
modification  invokes  introducbon  of  a sin(le  parameter  to  characteme  the  fou|hnesa  It  is  shown  that 
this  parameter  depends  on  both  the  surface  bmght  variance  and  the  horiionial  scale  of  the  roughness. 
ModicI  calculations  are  us  good  quanuutive  agreement  with  the  observed  dependence  of  the  brightness 
temperature  on  the  moisture  content  in  the  surface  layer  Data  from  truck  mounted  and  airborne  radio* 
meurs  are  presented  for  comparison.  The  results  indicate  that  the  roughrtess  effects  are  great  for  wet  soils 
where  the  difference  between  smooth  and  rough  surfaces  can  be  u great  as  50K. 

Introduction 


There  have  been  several  recent  papers  presenting  theoreti- 
cal models  for  the  microwave  emission  from  sods  [e.g..  Sjoku 
and  Kong.  1977;  WUhtit,  1978;  Burke  et  aL,  1979.  England, 
1976].  These  models  considered  the  emission  from  the  soil  for 
a range  of  moisture  and  temperature  profiles  and  studied  the 
effect  of  variations  of  these  subsurface  properties  on  the  emis- 
sion from  the  surface.  The  effecu  of  surface  features  such  as 
roughness  were  not  included.  Howeser.  when  the  results  of 
one  such  set  of  the  calculations  were  compared  with  observa* 
tions  by  airborne  radiometers  [Schmugge  et  aL,  1976)  there 
were  rather  large  differences  (~30K)  between  the  calculated 
and  observed  brightness  temperature  (T,).  These  differences 
were  attributed  to  surface  roughness.  The  purpose  of  this  pa- 
per is  to  show  that  surface  roughness  effects  can  account  for 
these  differences. 

The  scattering  of  electromagnetic  waves  from  rough  sur- 
faces hiS  been  studied  by  many  investigaton  [see  Barrick, 
1970;  fVu  and  Fung,  1972;  Sung  and  Eberhardt.  1978).  These 
studies  show  that  for  a deuiled  quantitative  calculation  of  the 
scattering  by  a rough  surface,  the  knowledge  of  the  sutistical 
surface  parameters  are  important.  The  roughness  structure  of 
an  agricultural  terrain  depends  upon  the  culuvsaon  practice 
of  that  area.  A typical  surface  may  consist  of  liirrows.  clods 
and  irregular,  small  amplitude  undulations  of  different  spatial 
dimensions.  To  study  the  effects  of  surface  roughness  on  the 
observed  dependence  of  the  bnghtness  temperature  on  the  soil 
moisture,  a simplisuc  model  has  been  developed.  The  surface 
roughness  effect  has  been  incorportted  mto  the  calculation  by 
nodifymg  the  Fresnel  reflectivuy.  This  modification  is  based 
upon  the  theory  developed  by  Ameiu  [19S3]  for  a conducung 
surface.  The  emphasis  ui  this  paper  is  to  show  qualitatively 
the  effVa  of  surface  roughness  on  the  microwave  bnghtness 
temperature.  The  present  model  ts  simplistic  oecause  it  haa 
only  one  parameter  to  characterize  the  suriace.  namely,  the 
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standard  deviation  of  surface  height.  We  realize  ‘hat  this  de- 
scription may  not  be  an  exact  representation  of  actual  soil  sur- 
faces. At  present  the  knowledge  of  the  statistical  character- 
istics of  soil  surfaces  is  not  sufficient  to  formulate  a model 
which  is  not  only  general  enough  but  also  numerically  trac- 
uble  to  provide  a quantiutive  description.  It  is  therefore  not 
the  intention  of  this  paper  to  claim  that  this  model  will  pro- 
vide a rigorous,  quantiutive  de.scription  of  the  different  as- 
pects of  the  microwave  emission  from  natural  terrains  but  it 
will  provide  a first  step  for  including  the  effects  of  roughness 
in  the  modeling  of  the  emission  from  these  surfaces. 

In  the  calculation  of  bnghtness  temperature,  we  have  used 
measured  soil  moisture  and  soil  cemperatur<  , rofiles.  The  cal- 
culated values  of  the  brightness  temperature  are  in  good 
quantitative  agreement  with  the  values  ob^rved  by  truck 
mounted  and  airborne  radiomeien.  TTut  agreement  has  been 
demonstrated  for  two  different  wavelengths.  Details  for  the 
theory  and  the  results  of  the  calculation  are  given  in  the  fol- 
lowing sections. 

Theory 

Radiative  Transfer 

To  describe  the  microwave  emission  from  the  soil  we  will 
consider  the  radiative  transfer  equauon  [Chandrasekhar, 
I960): 

^^-KXDI^S  (1) 

where  I is  the  intensity  propagating  in  the  direction  Z.  AT,  is 
the  total  extincuon  per  unit  length,  and  S is  the  source  terra 
describing  the  contribution  to  the  mtensity  due  to  scattering 
and  due  to  the  contmuum  thermal  emission  of  the  soil  In 
principle  one  should  siudy  thu  equation  in  conjunction  with 
the  equauon  descnbmg  the  heating  of  the  soil.  It  is  this  latter 
equauon  which  will  provide  mformation  about  the  thermal 
pan  of  the  source  term.  In  this  paper  we  will  decouple  these 
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two  equttiolu  in  Um  lenM  that  wc  will  couidar  a |ivea  tarn* 
peratura  distribution. 

To  solve  the  radiative  transfer  equation  we  will  consider  a 
semi-inhnite  medium  with  depth  dependent  temperature  and 
moisture  distributions.  Since  soil  is  a highly  abeorbini  mate* 
rial  (i.e.,  large  imaginary  part  of  dielectric  constant),  to  a good 
approximation,  the  bri^tness  temperature  T«  or  the  temper* 
ature  equivalent  of  the  intensity  emerging  fh>m  the  soil  will  be 
determined  by  iu  internal  temperature  distribution  T\x).  By 
integrating  (1)  with  the  source  term  as  the  temperature  distri- 
bution of  the  toil  one  can  write 


where  W{x)  is  the  height  distribution  of  the  surface  and  it,  i< 
the  reflection  coefliciert  of  a smooth  surface.  A typical  tough 
surface  corretponds  to  identiiymg  the  spectrum  with  a Oaus- 
tiaa  distribution  of  zero  mean  and  variance  r : 

(7) 

For  this  spectrum,  the  average  amplitude  it  given  by 

(£,>-^fl)£«expt-2<r‘*,*l  (8) 

Since 


r,  - [1  - r(0)l  fjn.x)KJiZ)  exp  jT KJiTT)  drj  dZ  (2) 


where  r^O)  it  the  soil  surface  reflectivity  at  normal  incidence 
and  KJiZ)  is  the  absorption  per  unit  length.  These  can  be  de- 
umined  from  the  dielectric  constants  in  the  soil  {Bom  and 
WoV.  1973].  WUhxit  (1978]  has  developed  a model  in  which 
the  integral  is  evaluated  by  a sum  over  many  homogeneous 
layers: 


(3) 

where  /,  is  the  fraction  of  the  radiation  incident  on  the  air-sotl 
interface  that  would  be  absorbed  in  the  iih  layer  and  T is  the 
temperature  of  this  layer.  The  values  of  f,  are  detennined  *y 
applying  the  electromagnetic  boundary  conditions  to  deter- 
mine the  energy  fluxes  entering  and  leaving  each  layer.  The 
compuutions  indicate  that  the  radiation  from  the  soil  is  char- 
acterized by  two  sampling  depths:  reflective  and  thermal  The 
reflectivity  is  characterized  by  changes  in  the  real  pan  of  the 
index  of  refraction  over  a sampling  depth:  8,  ai  0.  lA.  where  A 
is  the  free  space  wavelength.  The  thermal  sampling  depth  is 
determined  by  the  losses  deeper  in  the  medium,  and  is  given 
by 

Sr“lxjylf.  (4) 

where  x,  is  the  depth  of  the  ith  layer.  For  a uniform  dielectric 
this  reduced  to 
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A 

4vlm(ii) 
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For  a low-loss  dry  soil  Sr  will  be  an  order  of  magnitude  larger 
than  S„  while  for  a wet  soil  it  will  be  only  slightly  larger.  A 
similar  theoretical  treatment  has  been  developed  by  Tsmg  tt 
oL  (1973).  This  formalism  is  simpler  end  has  yielded  bright- 
ness temperature  values  which  are  within  1 or  2 K of  their  re- 
sults for  the  same  moisture  and  temperature  proftles. 


Roughness  Effects 

It  has  been  shown  in  T'tlxtoy  and  Clay  [1956]  that  if  the 
scattering  surface  is  a satistically  tough  surface  such  that  there 
is  no  correlation  between  the  amplitudes  of  the  waves  scat- 
tered by  two  points  on  the  surface,  then  the  scattered  intensity 
can  be  obtained  by  the  absolute  square  of  the  average  scat- 
tered amplitude.  It  has  further  been  shown  that  if  £«,  repre- 
senu  the  scattered  amplitude  by  a perfectly  smooth  and  per- 
fectly reflecting  surface,  then  the  average  amplitude  that  will 
be  specularly  scattered  at  an  angle  8 by  a rough  surface  u 
given  by 


(6) 


The  scattered  intensity  obuined  by  squaring  (8)  is 
- /,•  exp  (-A  cos'  9) 
where  the  roughness  parameter  A is  gi  uby 

*-(^r 

From  ( 10)  one  can  stipulate  that  the  gross  eflect  of  the  surface 
roughnen  on  the  scattered  intensity  can  be  incorporated  by 
modifying  the  smooth  surface  reflectivity  r^8)  |Bo(8)|'  as 

exp  (-A  cos' 8)  (12) 

where  the  subscript  p designates  the  polarization.  The  surface 
emissivity  is  obtained  from  ( 12)  by 

e^8)-l-r^8)  (13) 

To  verify  this  result,  mr'  surements  were  made  by  Waite  et 
oL  (1973]  of  the  reflectivity  for  soils  with  different  surface 
roughnctt  conditions.  They  found  that  e is  not  a snfllcient  in- 
dicator of  the  roughneu  for  this  model  \Hancotk,  1976].  Table 
1 is  a summary  of  their  results  at  a look  angle  of  30*.  The  ef- 
fective a wu  determmed  by  fitting  the  observed  frequency  de- 
pendence of  the  reflectivity  in  each  band  to  that  expeaed 
from  (12)  for  a given  a.  The  effective  a was  always  greater 
than  t^  measured  e.  They  also  found  that  the  autocorrelation 
length  of  the  roughness  wu  also  important  This  latter  quan- 
tity is  esuntially  an  indicator  of  the  horizontal  scale  of  rough- 
neu. 

The  value  of  rj^9)  can  be  determined  from  the  Fresnel 
equation  for  the  case  of  a uniform  dielectric,  or  from  the  lay- 
ered models  mentioned  earlier  for  situation  with  non-uniform 
dielcGtrics.  In  either  case  it  is  necesury  to  know  the  variation 
of  dielectric  constant  for  soil  with  iu  moisture  content.  This  is 
presented  in  Figure  I for  a clay  loam  soil  at  the  wavelengths 
to  be  considered  in  this  paper,  21  [Lundien,  1971)  and  l.SS 
[Wang  et  aL.  1978]  cm.  It  can  be  seen  in  Figure  I t^t  the  ad- 
dition of  water  hu  very  little  effect  on  the  dieleanc  propcniu 
of  the  soil  at  low-moisture  contenu  (<10%).  Piesumably  this 


Table  I.  Comparison  of  a't  Frem  Laboratory  Meuuremcni 


Eifecuva  e.  mm 

Mfuurtd 

9, 

mm 

Auto- 

correUuon 

Length. 

Him 

Surface 

1-2  GHz 

*5-7  4 GHz 

1 

3.0 

3.0 

2.7 

89 

2 

60 

7.3 

2.2 

12 

J 

16.0 

SO 

3.6 

IS 

(9) 

(10) 
(11) 


if 


( £,)  - B»(8)£«  jT  W{x)  exp  (2ik^)  dx 
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Fi(.  I.  L«bontory  mcuurcmcnu  of  dielecthc  cootunt  for  < toil 
u • fUncuon  of  ia  moisture  content.  These  meuurementt  ire  for  two 
day  loam  soils  with  similar  textures. 


is  due  to  the  stroag  interaction  of  the  water  molecules  with  the 
soil  panicles  which  reduces  the  polarizability  of  the  water  in  a 
thin  layer  around  each  panicle.  As  the  water  content  increases 
the  water  is  less  oghtly  bound  and  causes  a greater  increase  in 
the  didectrii.  constant  for  soils.  The  dielecthc  constant  varia- 
tion can  oe  represented  by  the  straight  lines  which  are  linear 
regression  fits  in  these  regions  for  the  two  wavelengths. 

The  effect  of  surface  roughness  on  the  emissivity  of  the  soil 
as  a funcuon  of  soil  moisture  at  the  21  cm  wavelength  is  pre- 
sented in  Figure  2 for  several  values  of  A.  These  values  were 
calculated  assuming  uniform  moisture  and  umperature  pro- 
files using  the  Fresnel  cocificient  for  the  smooth  surface  case. 
The  curves  show  a behavior  similar  to  that  of  the  dielecthc 
constant  presented  in  Figure  I,  Le..  slow  decrease  of  emissivity 
for  soil  moistures  below  about  10%  and  a much  sharper  de- 
crease above  this  val<ie.  In  general  the  effect  of  surface  rough- 
ness is  to  increase  tl  .-missivity  with  increase  being  larger  for 
the  wet  soil  case. 

The  contrast  m T(  between  wet  and  dry  soil  is  presented  in 
Table  2 assuming  a soil  temperature  of  300K.  At  9 > 0*  the 
increase  in  emissivity  due  to  roughness  is  given  by 

-exp(-A)]  (14) 

When  is  small  i.e.,  for  dry  soils,  d«  will  be  small  e.g.,  the 
range  is  0.04  for  dry  soils  which  from  Table  2 corresponds  to 
I2K  range  for  T,  due  to  surface  roughness.  For  wet  soil  is 
larger  and  the  surface  roughness  effem  wUl  be  much  larger,  .at 
the  25%  moisture  level  the  increase  in  emissivity  de  - 0.2$ 
corresponding  to  a 8 IK  T,  increase. 

The  net  effect  then  is  to  decrease  to  the  dynaimc  range  of 


the  Ti  change  with  soil  moisture  changes,  e.g.,  a decreaM  of 
6.Tg  from  1 14K  for  smooth  surfaces  to  63K  for  a nsugh  sur- 
(hce  with  A > 0.6.  From  this  discussion  it  is  seen  that  it  is  nec- 
essary to  have  some  knowledge  of  the  surface  roughness  to 
make  an  unambiguous  soil  moisture  estimate  from  a Tg  obser- 
vation. By  comparing  these  calculations  with  radiometric  ob- 
servations for  realistic  situations  should  yield  a range  of  val- 
ues for  the  parameter  A. 

RESULTS  AttD  Discussion 
Exptrtmtnial  DttaUs 

The  experimental  resulu  to  be  discussed  in  this  paper  were 
obtained  from  a poiuble  tower  (cherry  picker)  platform  and 
from  an  aircraA  platform.  The  tower  measuremenu  were 
done  at  Texu  A&M  University  from  a 25  m height  using  21 
and  2.8  cm  wavelength  radiometers  [Afewton,  1977],  Tbs  ra- 
diometer measuremenu  were  supported  by  observation  of  the 
soil  moisture  and  temperature  at  several  depths  down  to  IS 
cm.  The  surface  roughness  profiles  were  also  observed  so  that 
the  values  of  o^  can  be  estimated. 

Fi*U  Mtasurtmtnu 

The  resulu  from  the  field  measuremenu  are  presented  in 
Figure  3 for  fields  with  surfaces  having  three  different  levels  of 
roughness:  a rough  plowed  field,  a medium  rough  field  that 
had  been  disced,  and  a field  that  had  been  dragged  smooth. 
The  calculated  values  were  obtained  using  the  moisture  and 
temperature  profiles  that  were  observed  at  the  time  of  the 


Fig.  2.  Calculated  values  of  the  emuMviiy  for  a aain|  leveral 
values  of  roughnese  parameter  A.  The  calculation  oae  the  dielectric 
consiaau  piesemcd  in  Figure  I for  the  21  cm  wavelength. 
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oMaionaMatt.  Tht  vthi«  of  k wm  wtocMd  lo  yM4  |0od 
■gnoMM  with  tht  obwrvod  poiou  for  Mch  roinltowi  tevtL 
TIm  o*M«v«d  Tit  for  thi  laooih  Md  at*  ia  good  agwiiat 
with  thoM  limd  in  TabI*  2 for  h - 0.  la  att  thrw  etMi.  agraa* 
BMai  batwaaa  ih*  obtttvad  aad  cakalatad  vahiaa  is  gaod  at 
tba  wat  aad  dry  aada,  bat  than  an  diflbraaGai  of  lO-lSK  at 
tha  middk  aioiatHn  lavtli  La.  about  IM.  RacaBiai  Pigon  t. 
th*  laiddlt  aMtatun  lavai  is  tha  ngioa  whan  rhaagaa  neat 
rapidly  with  toil  aoiatuta,  this  alto  taada  to  ba  tht  tagiea 
arbatk  than  it  tha  grtatatt  aaotitaiaty  ia  toil  aoiamn  datar- 
minatii>.r 

An  aoditiooal  foctor  coottibutiag  to  tht  leatitr  at  that* 
middk  moittun  Itvak  it  tht  foci  that  tht  ftlcakiioat  wan 
ptrfotaad  with  a cohtnat  laodaL  Thttafon  than  ia  tha  poa> 
aibiitiy  of  naontacai  oecuriag  whan  a ihatp  dkkettie  gndi* 
ant  it  praaanL  Wa  baliava  thk  cauatd  tht  hightf  valMt  of  T« 
(>283K)  for  tht  ihrat  pcuitt  ia  Figun  3c  at  about  10%  noia> 
tort.  In  tht  axucma  cast  tht  dkkctric  coattant  changad  from 
a value  of  6 at  a dapth  of  1.6  cm  to  19.3  at  3J  eat.  A quarttt^ 
wavakagth  in  tht  toil  for  this  cast  it  givaa  by 

whan  X.  it  thf  wavakagth  ia  tht  atadiam  At  a rttalt  oea* 
atiuctiva  iatar^antict  oceun  cautiag  an  iacraata  ia  th*  traaa* 
miitioii  through  th*  nirfoca  (La.,  tmiativity)  for  thit  cat*.  To 
verify  thit  hypochaait  th*  caicuktiona  wan  parfonaad  at  a 
foactioa  of  wavakagth  from  30  to  IS  cm.  Tht  maaimam, 
295K.  occumd  at  21  cm  wavakagth  aad  T*  foil  off  to  2tSK  at 


27  ami  19  J cm  wavdtagtht.  Tha  tharp  dkkctrk  graditat  ia 
thk  eat*  waa  eauaad  by  tht  iraaiitioa  from  valum  oa  tha  low 
aMknn  portioa  (10%)  of  tha  dkkctrk  curve  k Pigun  I at  a 
pokt  (20%)  oa  tht  akap  portioa  of  tht  curve  L-  a lalativaly 
*Mt  ditiaaea.  Thttafon  k applykg  aay  cohtreat  modal  oa* 
hat  10  ba  awan  of  tht  pottiblity  of  than  ttaoaaaem  occutikg 
to  that  foko  kuaptaiai^  from  th*  atodal  caa  bt  avoidad. 

la  Tabk  3 the  vakm  of  *mmw  for  tha  held*  an  Uttad 
akag  with  thorn  cakukiad  (II)  uikg  tha  obtatved  valum  of 
k. 

Tht  panmatar  k iactaain  with  keraatkg  rougbaan  but 
don  aei  do  to  at  rapidly  at  atpaetad  from  tht  maatatad  a 't. 
Par  asampk,  tha  nitk  of  the  a*  for  tht  rough  aad  medium 
rough  eatn  it  17  whik  foe  tttk  of  th*  h ’*  it  1.7. 

Tha  albctlva  a*t  for  than  caan  an  km  thaa  tha  laaatutad 
vahna.  Thk  ia  eppoaiia  from  tha  tituationt  pratantad  k Tabk 
1 for  th*  laboratory  moaiunmaatt.  Thk  dUbtaact  probably 
nauht  from  th*  dUfotant  horiaooia!  tcaka  of  the  lougbatn  k 
tht  two  tituationt. 

Mtarntmutu 

Tht  aircraft  tatuha  wan  obtained  during  higha  with 
NASA  aircraft  over  the  Shoaak,  Arkona,  area  aad  tha  Imp** 
fkl  Valky  of  CaUAmk  during  March  1972  aad  Fabru^ 
1973  tSchawggt  at  of..  1976|  aad  Sighu  over  only  tht  Phoenix 
arat  during  Marfo  1973  ISekmtigit.  1976].  Ta*  aircraft  alti- 
tudt  for  thaaa  Sight*  wan  600  m k 1972  aad  1973  aad  300  m 
k 1973.  Oa  board  tha  aircraft  wan  microwave  ndiocaatart 
coveting  thon  wavakagth  range  of  O.S-21  cat  la  thk  paper 
only  the  rttaht  at  the  21  aad  1 J3  cm  wavakagtht  wiU  b*  pn- 
aaatad.  Tht  21  cm  ndkmattr  wn  nadir  vitwiag  with  a IS* 
(~l/4  radian)  batmwidth.  thttafon  io  ipatial  naolvtioa  wat 
ftppiosifluUily  1/4  the  aircraft  tkinidt.  The  1.33  cm  radio* 
laaMr  k a icaankg  rtdkmatar  which  hat  aa  angular  beam 
width  of  II*  (■•I/TO  radian).  Thk  taaaor  wa*  only  nttd  on 
tht  1972  aad  1973  mktiiwia 

Th*  akertft  lew  along  Sight  Uan  caatand  on  th*  agricul* 
tnral  Saidt  which  wan  at  kaat  16  bactam  (40  acm)  k area. 


SMOOTM  niio  MiMUM  aouoH  niiA  aeiMM  aiiLO 


at  m waiawT  wieaNr  tou  woiaruat 


Pig.)-  CompMkoa  of  mtcultiad  *n<  taaund  valuat  af  tt  X ■ 31  oa  for  6*M*  win  i>t*»  i*v*k  of  turhe*  rough- 
atm  Mtawnataau  vara  aad*  ftom  iht  tneh  mmumi  m T*an  AAM  Uaivaniiy  (Xr«wwi,  ifTT].  ta  Plgm  Is  ih*  ctlcu- 
Uukat  WM*  4ea*  (br  Um  predki  ebtaivaa  ia  til  thia*  1*14*. 
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TAILS  3.  CompuiwMOfv’iFromFkrtdMMittrenMau 
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TImm  Adds  |tn«rtUy  hid  uaifotni  turficc  lad  moisture  coo- 
ditioos  over  ihcir  tool  tree.  All  the  ndiomctcr  diu  obumed 
over  etch  fletd  were  used  to  obtiia  the  avcrtfe  brithtneu 
temperature  (T«)  fbr  the  Acid.  The  soil  moisture  mcasute- 
inentt  wore  made  at  four  locations  aad  for  several  dspths  in 
each  Sold.  The  values  presented  here  arc  the  averafes  for  each 
Acid.  For  the  1975  dishu  soil  temperature  proAles  were  also 
measured.  Soil  textures  determination  were  also  made  for  the 
sampled  Acids. 

Because  of  the  ranpe  of  soil  texture,  from  sandy  loams  to 
days,  that  are  present  at  both  of  these  sites  it  is  accessary  to 
account  for  the  different  water  boldinf  capadties  of  these 
soils.  This  wu  done  by  normaliziof  the  mcMured  soil  mois- 
tures to  the  Seld  capadty  levels  (FQ  for  each  soil.  The 
amount  of  water  in  a soil  at  FC  is  that  which  remains  two  or 
three  days  after  havinf  been  saturated  and  after  free  draina|e 
has  practically  ceased.  This  level  is  determined  to  a large  ex- 
tent by  the  soil  texture  Le.  partide  size  composition.  The  value 
of  FC  for  each  Beld  wu  estimated  on  the  basis  of  the  soil  tex- 
turu  that  were  mcuured  for  that  Acid  [Schmugge,  1978], 

The  surface  rouchnris  characteristics  were  those  resultini 
from  the  agricultural  practicu  of  the  two  areu.  The  dominant 
method  of  irrigatioii  is  the  Booded  ftirrow.  The  fttrrow  separa- 
tion wu  about  one  meter  tad  the  furrow  height  wu  about  20 


cm.  Superimposed  on  these  corrugations  were  clods,  which 
were  generally  leu  than  S cm. 

Plots  of  T,  versus  the  soil  moisture  in  various  layers  for  the 
1972  and  1973  Aighu  are  presented  in  Figure  4.  We  note  that 
the  range  of  T«  is  not  u great  u that  expected  for  a smooth 
surface. 

Calculatioos  using  the  layered  model  [WUM,  1978]  were 
performed  using  moisture  and  temperature  proAks  mcuured 
by  the  personnel  at  the  U.S.  Water  Conservatioa  Laboratory 
at  Phoenix  [Jackson,  19731  The  soil  moisture  aad  temperature 
proAlu  were  oburved  ; t trequent  intervals  after  a heavy  irri- 
gation on  March  2,  19/1.  These  dau  from  the  some  area  at 
the  ume  time  of  the  year  were  aasumed  to  be  reasonable  esti- 
matu  of  the  situations  occurring  during  the  1972  atraaft 
overAighu.  It  should  be  noted  that  the  moisture  and  temper- 
ature proAlu  had  been  obuined  from  a smooth  Acid,  while 
the  microwave  radiometer  ruuls  were  obtained  from  rough- 
surfkced  Acids.  The  moisture  proAlu  were  rather  uniform 
when  wet,  but  dried  rapidly  at  the  surface  after  3 or  6 days 
pioducing  sharp  moisture  and  dielectric  constant  gradients 
just  below  the  surface.  The  calculations  were  performed  for 
the  early  afternoon  (1:30  P.M.)  proAlu  of  each  day.  The  cor- 
ruponding  temperature  proAlu  arc  probably  quite  repreun- 
tative  of  the  actual  situation  for  the  1972  Aighu.  For  the  1973 
Aights,  occurring  euly  in  February,  the  tcir.peraturu  were 
somewhat  cooler.  The  surface  temperaturu  u oburved  by 
the  aircraft  IR  unsor  were  found  to  be  about  I5K  lower  than 
that  oburved  during  March.  The  February  temperature  pro- 
Alu  were  then  obtained  from  the  observed  March  temper- 
ature proAlu  by  adjusting  the  gradten*  to  At  the  observed  sur- 
face temperature  for  F '.nury  data  and  auuming  two  proAlu 
to  be  equal  at  about  50  cm. 

The  dielecmc  constants  used  in  the  calculation  wore  thou 
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Fig.  4.  Aircraft  observations  of  f.,  at  .V  • 21  cm  durus  1972  a/'d  1973  fligbu  -ver  Pboeaix  compared  wub  soil  mois- 
lure  in  thru  depths  of  the  soil  The  two  dashed  curves  m Fi(urv  4e  usdicaM  the  didk.mce  produced  by  usui|  ibe  1972  sad 
1973  tempenturg  oioAles. 


Fis-  3.  Aircnft  obMivtuoM  of  u \ • 21  cm  durini  1973  dawn  (^7  a.3.<.)  Si(hu  of  Pbocnis  compirvn  ■^'tib  toil 
Doitttti*  in  two  dtpthf  of  th*  loU.  The  cuivm  arc  vUual  bcM  Ru  to  (ha  calculated  valuci. 


praMnMd  in  Fi(urc  I.  That  values  are  for  soils  having  tex- 
ture similar  to  the  Avondale  clay  loam  soil  at  the  Water  Con- 
servatioo  Laboratory. 

The  solid  curves  in  Figure  4 are  ;iie  calculated  values  as- 
suming a smooth  surface  {H  - 0).  It  is  clear  that  the  aircraA 
Tft  do  not  get  as  low  as  those  calculated  for  the  smooth  sur- 
face. The  form  of  the  calculated  curve  however  does  agree 
with  the  observatiottSv  Lc.,  little  variation  out  to  about  S0%  of 
FC  and  then  the  rapid  deaease  in  ?V 

The  dashed  curves  in  Figater  4o-4c  are  for  A - 0.45,  and  it 
is  teen  that  the  range  of  takulated  T,'s  is  in  good  agreement 
'he  observed  range  and  that  the  roughness  factor  hu  iu  great- 
est effect  at  the  higher  level  of  moisture  as  predicted  by  ( 14). 

In  observing  the  variation  of  T«  with  soil  moisture  in  'J<s 
three  layers,  we  note  the  linear  decrease  with  the  soil  mois- 
ture in  the  0-1  cm  layer,  but  for  the  0-2.3  and  0-3  cm  layers 


there  is  a region  at  low  sotl  moist,  " which  there  is  little 
variation  of  r«.  Above  this  level  • ci . is  sharp  decrease  in 
This  behavior  is  similar  to  that  presented  in  Figure  2 and 
that  the  location  of  the  b-  *a!c  point  for  the  2.3  cm  curve,  at  ap- 
proximately 30%  of  FC,  is  in  good  agrtement  with  the  loca- 
tion presented  in  Figure  2,  assuming  a FC  of  20-23%  for  a 
clay  loam  v' Because  of  this  agreement,  we  will  assume  that 
the  radiometer  J responding  to  the  moisture  vanations  in  the 
top  2 or  2.3  cm. 

In  Figures  3 ^ud  6 the  results  from  the  1973  flights  are  pre- 
sented. Figure  5 presen'.s  the  results  from  the  predawn  flighu 
and  Figure  6 from  (he  midday  flights.  Essentially,  the  same 
dependence  of  T,  on  moisture  is  observed  for  these  llghu 
as  for  tne  1973  flighu.  The  calculated  values  in  this  case  used 
the  moisture  and  temperature  profiles  that  were  measured  in 
each  field  at  the  tune  of  the  flighu.  The  curv.rs  are  ''isual  hest 
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A.iicnA  ohaeivaiiow  of  r«  at  X ■ 21  cm  dunng  1973  midday  1 1-  ^ P > . Aigiiu  ov«r  Phieiux  compart d with  soil 
moistuie  III  two  depths  of  the  soil.  The  nirvtt  art  vuual  beat  Ru  to  the  calculaici'  < alues. 
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fits  to  the  cilcvilated  points.  Note  that  there  is  a 10-13K  differ- 
ence in  the  observed  values  of  T,  for  dry  fields  between  the 
A.M.  and  P.M.  Sights  due  to  soil  temperature  differences  and 
that  there  is  a similar  difference  in  the  calculated  values. 

The  scatter  in  the  calculated  points  about  the  curves  is  due 
to  two  causes:  fint,  the  variations  in  the  soil  moisture  profiles 
having  the  same  average  O-'*  cm  or  0-5  cm  average  moisture 
levels;  and  second,  the  variations  in  soil  temperature.  In  Fig- 
ure 5 the  point  that  is  the  greatest  distance  from  th.e  curve,  the 
one  with  at  T,  of  27SK,  may  be  due  to  the  rescjnance  effect 
noted  earlier.  The  large  difference  between  the  0-2  and  0-3 
cm  moisture  levels,  almost  a factor  of  2.  indicates  the  presence 
of  a sharp  moisture  gradient.  The  observed  value  of  for 
this  field  is  only  5K  less  than  the  calculated  value.  There  is 
considerably  ; 'ore  scatter  in  the  observed  values  of  T«.  This  is 
probably  ' to  uncertainty  of  our  surface  measurements. 
Analysis  jtensively  sampled  field  [Bell  ei  oL,  1979]  in- 
tlicates  that  for  a sample  size  of  4 the  expected  limit  of  accu- 
racy L is  4%.  Thus  the  true  mean  for  the  field  should  be  within 
±4%  of  the  observed  value,  or  approximately  ±20%  of  FC. 
Most  of  the  points  in  Figures  ^ and  6 lie  within  this  distance 
from  the  curve. 

The  best  agreement  is  obtained  in  each  case  for  h — 0.6. 
This  was  done  by  fitting  the  dau  at  both  the  wet  and  dry  ends. 
This  value  of  /i  is  slightly  larger  than  the  result  for  the  1972- 
1973  data.  The  reason  for  this  difference  is  unknown,  and  be- 
cause of  the  scatter  in  the  data,  may  indicate  the  uncertainty 
of  our  estimates  for  the  value  of  h. 

The  values  of  h obtained  for  the  aircraft  data  generally  fell 
in  between  those  obiamed  for  the  medium  rough  and  rough 
cases  for  the  field  measurement  results  (Figure  3).  This  in- 
dicates that  for  the  Phoenix  region  none  of  the  observed  fields 
approached  the  smooth  category  and  an  assumption  that  agri- 
cultural fields  are  in  the  medium  rough  to  rough  (Le.,  h a OJ) 
may  be  reasonable  for  furture  calculations  at  this  wavelength. 

The  data  at  i.5S  cm  are  presented  m Figure  7.  They  are  also 
desenbed  by  an  /■  of  0 6;  the  fact  that  h does  not  scale  with 
wavelength  is  indicative  of  the  shortcommgs  of  the  model  In 
this  case,  it  appears  that  different  portions  of  the  roughness 
spectrum  will  contribute  at  the  diffc’eat  wavelengths.  It  is  also 
clear  that  certam  of  our  assumption  conceini-;  the  rouahness 
are  violated  at  this  wavelength. 

Conclusions 

A one  parameter  model  for  estimatmg  the  effect  of  surface 
roughness  on  the  microwave  emission  from  soils  has  been  de- 
veloped and  compared  with  radiometei  measurements  from 
both  tower  and  aircraft  piatferms.  By  a suitable  choice  of  the 
parameter  A,  the  model  when  combined  wdth  a radiative 
transfer  model  for  the  sod.  yields  good  agreement  with  the  ob- 
served brightness  temperatures.  An  effective  range  for  the  pa- 
rameter was  found  to  be  from  0 for  a smooth  surface  to  0.6  for 
a rough  plowed  surface.  From  the  denvauon  of  the  model  the 
parameter  h is  expected  to  be  proportional  to  the  variance  of 
the  surface  height.  However  when  compared  with  the  mea- 
sured vanance  for  the  tower  measurements  this  dependence 
was  not  verified.  .A  similar  result  was  found  in  laboratory 
measurements  of  surface  reflectivity  [Hancock,  1976).  These 
latter  measurements  indicate  that  the  honzontal  scale  of  sur- 
face roughness,  i.e.  surface  slopes,  is  also  important  m deter- 
mining the  magnitude  of  tne  parameter  h.  Because  of  this  fac- 
tor It  does  not  appear  possible  to  extrapolate  the  value  of  h 
fiom  the  measurements  presented  here  at  the  21  cm  wave- 


soiL  MOirruhf.  % or  ritio  capacity 

Fig.  7.  Aircraft  observations  of  T,  at  A - I 33  cm  during  1973 
flight  over  Phocrux  compared  with  the  sod  moisture  m the  surface  cm 
of  the  sod. 

length  to  other  wavelengths  and  additional  measurements  at 
other  wavelengths  will  be  required  to  determine  the  depen- 
dence of  h on  wavelength. 

At  the  21  cm  wavelength  the  value  of  0.5  for  A appears  to  be 
representative  of  the  condiuons  observed  in  the  aircraft  data 
acquired  over  the  agricultural  area  around  Phoenix.  Therefore 
with  this  model  for  roughness,  radiative  transfer  model  calcu- 
lations should  yield  accurate  estimates  of  the  values  of  7,  for 
a wide  range  of  moisture  and  temperature  conditions. 

Further  work  wUl  be  required  to  determine  the  wavelength 
dependence  of  A and  to  determine  if  the  model  can  accurately 
predia  the  polanzauon  differences  expected  for  off-nsdir  ob- 
servations. 

Acknowltdgtmtm.  The  1973  daiS  were  acquired  by  the  membeis 
of  Joint  Sod  Moisture  Expenment  which  involved  investigaton  from 
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NASA  Their  cooperauon  is  making  these  measurements  is  appreci- 
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MULTISENSOR  ANALYSIS  OF  HYDROLOGIC  FEATURES  IN  THE  WIND  RIVER 

RANGE,  WYOMING  WITH  EMPHASIS  ON  THE  SEASAT  SAR 

James  L.  Foster 
Dorothy  K.  Hall 

ABSTRACT 

Synthetic  Aperture  Radar  (SAR)  imagery  of  the  Wind  River  Range  area  in  Wyoming  is  com- 
pared to  visible  and  near-infrared  imagery  of  the  same  area.  Data  from  the  Seasat  I^Band  SAR  and 
an  aircraft  X-Band  SAR  are  compared  to  Landsat  Return  Beam  Vidicon  (RBV)  visible  data  and 
near-infrared  aerial  photography  and  topographic  maps  of  the  same  area.  Visible  and  near-infrared 
data  provide  more  information  than  the  SAR  data  when  conditions  are  optimum.  However,  the 
SAR  penetrates  clouds  and  snow,  and  data  can  be  acquired  day  or  night.  Drainage  density  detail 
is  good  on  SAR  imagery  because  individual  strearrs  show  up  well  due  to  riparian  vegetation  causing 
higher  radar  reflections  which  result  from  the  “rough”  surface  which  vegetation  creates.  In  the  win- 
ter image,  the  X-Band  radar  data  show  high  returns  resulting  from  cracks  on  the  lake  ice  surfaces. 
High  reUuns  are  also  evident  in  the  L-Band  SAR  imagery  of  the  lakes  due^o  ripples  on  the  lake 
surfaces  induced  by  wind.  It  is  concluded  that  utilization  of  multispectral  data  (visible,  near-infrared 
and  microwave  (radar))  would  optimize  analysis  of  hydrologic  features. 
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NASA  Technical  Memorandum  80564  September  1979 

INTERIM  CAUBRATION  REPORT  FOR  THE  SMMR  SIMULATOR 

P.  Gloeraen  and  D.  Cavalieri 
ABSTRACT 

The  calibration  data  obtained  during  the  FALL  1978  NIMBUS-G 
underflight  mission  with  the  Scannirig  Multichannel  Microwave  Radio- 
meter (SMMR)  simulator  on  board  the  NASA  CV-990  aircraft  have  been 
analyzed  and  an  interim  calibration  algorithm  developed.  Data  selected 
for  this  analysis  consisted  of  m-flight  sky,  first-year  sea  ice,  and  open 
water  observations,  as  well  as  ground-based  observations  of  fixed  targets 
while  varying  the  temperatures  of  selected  instrument  components.  For 
most  of  the  SMMR  channels,  a good  fit  to  the  selected  data  set  was  ob- 
tained with  the  algorithm. 
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(Recaived  JO  S«pwm(>*r. 

AkMract.  Th«  tim*  varucion  of  the  m*-ic<  concentration  and  multicear  icc  fraction  within  the  pack  ice 
in  the  Arctic  Baim  i>  examined,  usini  microwave  imt|e>  of  >ct  ice  recenilv  acquired  hv  the  Nimbui-5 
ipncecraft  and  the  NASA  CV-ddO  airborne  laboratory  The  ima|ea  uaed  (oi  theie  rtudiea  were 
conatructed  from  data  acquired  from  the  Electncillv  Scanned  .Microwave  Radiometer  (ESMRJ  which 
raoordi  radiation  from  earth  and  it>  atmoaphere  at  a wavclenith  of  1 55  cm  Data  are  analvted  for  four 
saasoni  dunnf  td'}-ld'’5  to  illuttrate  some  basic  differences  m the  properties  of  the  sea  iv'e  dunn| 
those  times.  Spacecraft  data  are  v-ompared  with  correspondmt  N ASA  CV-ddO  airborne  laboratory  data 
obtained  over  wide  areas  in  the  .Arctic  Basin  dunn|  the  Mam  Arctic  Ice  Dynamics  Joint  Experiment 
(1975)  to  illustrate  the  applicability  of  passtve-mictowave  remote  sensing  for  monitoring  the  time 
dependence  of  sea-ice  concentration  tdiyergencet  These  observaticins  indicate  significant  variations  in 
the  sea-ice  concentration  in  the  spnng.  late  fall  snd  esriy  winter  in  addition,  deep  in  the  inicnor  of  the 
.Arctic  polar  sea-ice  pack,  heretofore  unobserved  large  areas,  several  hundred  kilometers  in  extent,  of 
sea-KC  concentrations  as  low  u 50S  are  .ndteated 


1.  Introduction 

The  delineation  of  the  extent,  structure,  concentration,  and  motion  of  sea  tee  in 
polar  regions  by  microwave  radiometry  has  been  discussed  in  enrlier  papers 
("Wilheit  et  ai.  1972;  Gloersen  and  Saiomonson,  l'J~5.  Glcvcrsen  et  jf.,  19’3. 
1974a,  b,  I9'5a.  b;  Campbeli  ef  di..  19'4,  I'J'o.  IP'S.  Ramseier  et  c.i.,  19"’4. 
1975V  In  this  paper,  emphasis  is  placed  on  examining  the  time  vana.ion  of  the 
sea-ice  concentration  and  multiyear  ice  fraction  within  the  pack  ice  m the  .■\rciic 
Basin,  using  microwave  images  of  sea  ice  recently  acquired  by  the  Nimbus-5 
spacecraft  and  the  NASA  CV-990  airborne  laboratory 
The  principal  instrument  used  for  these  studies  is  the  Elcctncally  Scanned 
Microwave  Radiometer  (ESMR)  which  records  radiation  f om  Earth  and  its 
atmosphere  at  a wavelength  of  I 55  cm.  Such  an  instrument  f,  carried  on  both  the 
CV-990  aircraft  (ESMR-A  O .’nd  the  Nimbus-5  satellite  tFSMR-5).  the  experi- 
mental techniques  have  been  described  in  detail  previously  Since  the  Ravletgh- 
Jeans  approximation  applies  m the  wavelength  regime  of  the  ESMR  and  the  range 
of  sensible  temperatures  encountered,  the  received  power  is  linearly  dependent  on 

Boundary -Laytr  Mtmrohfy  13  l!9'Sl  J39-J59  Ai.'  .RigAo  Brun'td 
Cofynfki  .J  19"8  k*  D Rttdti  Pukuthmf  Comforw.  Darartcm.  Holland 
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the  brightness  temperature  of  the  target.  Thus,  radiances  are  described  in  terms  of 
brightness  temperatures  rather  than  received  power. 

Data  are  analysed  for  four  seasons  during  1973-1975  to  illustrate  some  basic 
differences  in  the  properties  of  the  sea  ice  during  those  times.  In  the  Spring  and  Fall 
of  1975,  the  NASA  CV-990  airborne  laboratory  made  three  poleward  transects  on 
16  April,  19  April,  and  22  October,  1975  in  the  area  north  of  70*  N between  37*  W 
and  167*  W.  Corresponding  satellite  data  from  these  times  are  also  presented  and 
discussed.  In  addition,  spacecraft  data  for  August  1975  are  compared  with  cor- 
responding CV-990  data  obtained  during  the  Main  Arctic  Ice  Dynamics  Joint 
Experiment  (Main  AIDJEX)  to  illustrate  the  applicability  of  passive  microwave 
remote  sensing  for  monitoring  the  time-dependence  of  sea  ice  concentration 
(divergence). 


2.  Interpretation  of  the  Microwave  Signatures  of  Sea  Ice 

The  radiative-transfer  equation  applicable  to  passive  microwave  observations  at  a 
given  wavelength  within  the  sea-ice  canopy  is  as  follows: 

r,-.r,e-vr.+(i-.)r2*-'+u-or„e-='.  d) 

where 

T(r) <*'*''*' dr'(z) 
and 

7-(z)e-'“'d-U) 

in  which  T*  is  the  observed  brightness  temperature,  t is  the  emissivity  of  the 
surface,  which  depends  on  wavelengtn  as  well  as  on  various  surface  variables;  Ts  is 
the  sensible  temperature  of  the  surface:  r is  the  tota'  .umospheric  opacity  which  is 
also  wavelength  dependent;  T(z)  '\i  the  sensible  temperature  in  the  atmosphere  at  a 
height  z ; t'(z)  is  the  atmospheric  opacity  from  the  surface  to  a height  z ; and  T„  is 
the  average  temperature  of  free  space,  also  wavelength  dependent,  but  a small 
contribution  at  ail  the  wavelengths  considered  here. 

In  Equation  (1),  the  first  term  on  the  right  represents  the  contribution  to  the 
observed  brightness  temperature  of  the  surface  as  seen  through  the  atmosphere, 
the  second  is  the  upwelling  atmospheric  radiation,  the  third  is  the  downwelling 
atmospheric  radiation  as  observed  after  reflection  at  the  surface  and  transmission 
back  through  the  atmosphere,  and  the  fourth  is  radiation  from  space  reflected  back 
from  the  surface  and  attenuated  by  two  passes  through  the  atmosphere. 

The  constant  k in  the  expression  for  T:  under  Equation  (1)  is  included  to  account 
for  the  case  of  diffuse  reflection  from  rough  surfaces  in  an  approximate  manner, 
because  strictly  speaking  the  integral  should  be  carried  out  over  the  entire  hemi- 
sphere rather  than  along  the  line-of-sight  direction,  z.  The  value  of  k will  depend 
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both  on  the  distribution  assumed  for  the  absorption,  r.  in  the  sky  and  the  type  of 
diffuse  reflection  assumed  at  the  surface. 

We  assume  that  a suitable  approximation  for  Ti  and  Ti  in  the  polar  regions  is 
given  by 

(2) 

where  is  a weighted  average  of  r(z)  in  the  lower  troposphere.  Using  the  index  i 
to  denote  different  wavelengths  and  polarizations,  equation  (1)  then  becomes 

T*-*.7.  + r,[(l-  r,*+r. )]  + (!- e.)r^,  (3) 

where  terms  containing  r,T,f  have  been  neglected. 

Under  the  assumption  that  the  Rayleigh  extinction  coe,.i  .ients  (Gaut  et  a!.,  1970) 
apply  in  the  polar  regions,  the  opacities,  r„  vary  inversely  as  the  square  of  the 
wavelength  and  Equation  (3)  may  be  further  approximated  as; 

+ (4) 

in  which  A is  assumed  to  be  independent  of  A,  to  first  order,  since  variations  of  the 
product  r,t,  are  of  second  order;  also  7a  and  T,  are  independent  of  wavelength  and 
k is  assumed  to  be  independent  of  wavelength. 

The  sea-ice  surface  of  the  Main  AIDJEX  area  was  found  to  consist  of  four  major 
categories  with  significantly  distinct  microwave  characteristics;  (1)  open  water;  f2) 
first-year  sea  ice  with  snow  cover  (FY);  (3)  thin  (but  thicker  than  one  microwave 
wavelength)  first-year  ice  without  snow  cover  (FT);  and  (4)  multiyear  sea  ice  (MY). 
Taking  these  into  account,  using  7,,  » 3 K,  and  noting  that  the  open  Ma  tempera- 
ture is  271  K,  Equation  (4)  becomes; 


(271-3)«o.C 

(5a) 

+ err.(l-CX7*«-3) 

(5b) 

~(*FYi  ~»n«Yi)F(l-CK7M,-3) 

(5c) 

“l*FYi  ~»pti)A'(1-CX7,c-3) 

(5d) 

«n'(A’(l  - CXtFT  ~ 3) 

(5e) 

-t-AT^A . 

(5f) 

The  term  (a)  on  the  right-hand  side  of  Equation  (5)  is  the  contribution  from  the 
open  water  whibh  is  assumed  to  be  at  the  freezing  point.  271  K,  to,  is  the  emissivity 
of  calm  open  water  and  C is  the  percent  open  water.  Terms  (b)  through  (e)  are  the 
contributions  of  the  various  forms  of  sea  ice  to  the  radiation.  They  consist  of  the 
emissivities  (»„,)  of  first-year  (FY).  thin  fim-year  without  snow  cover  (FT),  and 
multiyear  (MY)  sea  ice;  the  fraction  of  the  area  covered  with  sea  ice.  (1  -C);  the 
fraction  of  the  ice-covered  area  that  is  multiyear.  F;  the  fraction  of  the  ice-covered 
area  tb't  is  thin  first-year  without  snow  cover.  A';  the  sensible  temperature  of  the 
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FY  and  MY,  Ttt,\  and  the  difference  between  the  sensible  temperature  of  the  FT 
and  Tit.,  irr-  The  terms  (SbH^e)  h>ve  been  arranged  so  that  under  certain 
circumstances  some  of  them  will  drop  out,  e.g.,  when  ^my/  ^ 'm  w >s  the  case  for 
vertical  polarization  at  all  of  the  wavelengths  discussed  (see  data  presented  in 
Campbell  ei  al.,  1977). 

Equation  (5)  contains  the  following  ten  compound  variables:  C,  r,„  - 3,  C{Tm„  - 
3).  F(r^-3),  XiT^-2l  X(trr-3).  XC{T,„-i),  ;YC(frr-3),  and 

A,  consisting  of  various  products  of  the  six  variables,  C,  X,  F,  r,*.,  frr.  and  A.  In 
principle,  these  ten  compound  variables  can  be  determined  an.alytically  from  ten 
different  microwave  brightness  temperatures  by  solving  ten  simultaneous  linear 
equations  of  the  form  of  Equation  (S)  if  the  coefficients  are  known,  e.g.,  with  the 
ten  channels  of  Ta's  to  be  obtained  with  the  Scanning  Multichannel  Microwave 
Radiometer  (SMMR)  on  board  the  Nimbus  G and  Seasat  A spacecraft,  both  due  to 
be  launched  in  1978.  In  practice,  however,  such  solutions  often  result  in  large 
coefficients  and  alternating  signs  which  give  rise  to  noisy  solutions  when  taking  into 
account  radiometer  noise.  This  has  been  demonstrated  in  the  present  situation  by 
using  a set  of  best-judgment  emissivities.  It  is  unlikely  that  improved  ">lutions 
would  result  from  more  accurate  values  of  the  emissivities.  A sequential . pproach 
to  the  solution  is  currently  unde*  investigation  in  which  fewer  radiometer  channels 
are  used  to  retrieve  a given  variable,  determination  of  some  variables  requires  the 
prior  retrieval  of  others,  and  the  coefficients  are  obtained  from  regression  analysis 
of  an  experimental  parameter/brightness-temperature  data  set.  The  initial  pro- 
cedure used  for  this  sequential  retrieval  consists  of  determining  T,„  and  C from  the 
4.6 -cm  horizontal  and  vertical  channels  under  the  following  assumptions:  (1)  term 
(3)  of  Equation  (5)  is  zero,  (2)  X is  sufficiently  small  so  that  terms  (5d)  and  (5e)  can 
be  neglected  compared  to  term  (5a);  and  (3)  term  (5f)  can  be  dropped  since  there  is 
negligible  atmospheric  interference  at  the  4.6-cm  wavelength.  Next,  using  these 
values  for  r,„  and  C F is  determined  from  the  difference  between  the  Equations 
(5)  written  for  the  1.6-  and  2.8-cm  wavelength  horizontal  channels  (terms  (5b), 
(5d),  and  (5e)  drop  out  and  term  (5f)  is  neglected).  Then.  r,„.  C,  and  F are  inserted 
in  the  Equations  (5)  written  for  the  difference  between  the  two  0.8-cm  channels  to 
permit  solving  for  X (term  (5f)  drops  out).  Finally.  A is  determined  from  the 
differences  between  the  Equations  (5)  for  the  0.8-  and  1.4-cm  venical  polarization 
channels,  using  the  values  determined  for  7,c,  C.  F.  and  X and  is  used  as  a measure 
of  atmospheric  interference. 

The  spatial  resolution  of  such  determinations  will  in  general  be  about  150  km 
with  the  SMMR,  but  better  spatial  resolutions  can  be  obtained  by  making  addi- 
tional assumptions  as  to  the  variation  of  the  variables  within  the  150-km  cell.  If,  for 
instance,  it  is  assumed  that  T,„,  F.  and  A are  essentially  constant  within  that  cell  (F 
is  zero  around  Antarctica),  then  X and  C may  be  calculated  using  the  0.8-cm 
channels  at  a spatial  resolution  of  about  30  km. 

To  summanze  the  state  of  knowledge  of  sea-ice  signatures  at  this  point,  the 
emissivity  is  known  to  be  determined  in  general  by  both  the  surface  and  volume 
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properties  of  the  ice.  FY  sea  ice  appears  '.o  be  optically  thick  with  the  emissivity 
being  given  by; 

*FYi*l~rrvi.  (6) 


where  rryi  is  the  surface  reflectivity  obtainable  from  the  Fresnel  reflection 
coefficients  (Baker,  1970). 

A>hough  sea  ice  and  snow  cover  include  air  pockets,  a reasonable  fit  to  the  data 
is  obtained  by  assuming  that  the  index  of  refraction,  n,  of  solid  ice,  approximately 
1.78,  should  be  used  in  the  Fresnel  relations  at  all  wavelengths.  At  the  SMMR 
incidence  angle  of  SO”,  these  yield  values  of  0.16  and  0.025  for  (parallel  to  the 
surface)  and  (orthogonal  with  rj  and  the  line  of  sight),  respectively,  correspond- 
ing to  emissivity  values  of  0.84  and  0.97  (or  FY  sea  ice.  Surface  roughness  modifies 
this  property,  however,  and  appears  to  be  important  at  the  0.8l-cm  SMMR 
wavelength  according  to  field  measurements  during  the  Main  AIDJEX  which 
indicated  much  smaller  polarization  effects  at  that  wavelength  for  FY,  FT,  and  MY 
sea-ice  types. 

The  empirical  knowledge  of  microwave  properties  of  .MY  ice  at  these 
wavelengths  is  limited  to  the  observation  that  they  are  the  same  as  FY  at 
wavelengths  of  4.6  cm  and  longer,  about  5K  lower  at  nadir  than  FY  at  2.8  cm. 
about  20  K lower  at  nadir  than  FY  at  1.5S  cm.  and  about  SO  IC  lower  at  nadir  than 
FY  at  0.81  cm.  all  at  a surface  temperature  of  250  K (Wilheit  etal,  1972;  Gloersen 
et  ai,  1973.  1974a).  On  this  basis,  and  using  0.92  for  the  nadir  emissivity  of  FY  at 
all  wavelengths  but  0.81  cm.  the  following  equations  apply  for  the  MY: 


0.92X250K-5K  „ „„ 
*2  *.v  rrrrc 0.90 


}S  '■ 


to  ts  '■ 


250  K 

0.92x250  K-20K 
250  K 

0.95  X 250  K -50  K 
250  K 


0.84 

0.75. 


(7) 


In  order  to  estimate  the  MY  emissivities  at  an  incidence  angle  of  50°,  the  surface 
contribution  at  nadir  (1  -r)  must  be  removed,  the  remaining  volume  effect  multi- 
plied by  1.5  (the  increase  in  slant  range),  and  the  surface  contributions  at  50°, 
(l-r|)  and  (l-r^.^  must  be  added  to  the  values  shown  in  Equation  (7).  The 
emissivities  so  deduced  are  listed  in  Table  I. 

The  bracketed  values  in  this  table  represent  measurements  at  the  surface  dunng 
the  Main  AIDJEX  and  are  subject  to  significant  variation  according  to  the  degree 
of  surface  roughness. 

Also  shown  in  Table  I,  for  completeness,  are  values  for  the  emissivities  of  FT  sea 
ice,  inferred  from  measurements  taken  at  the  AIDJE.X  site  (Campbell  etal.,  1978). 
Again,  the  bracketed  values  are  based  on  actual  radiance  and  sensible  surface- 
temperature  measurements:  the  other  values  are  extrapolated  from  the  values 
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TABLE  I 


A,  Polarization 

*MYi 

•PTt 

4.6  cm,  (Nadir) 

0.92 

0.92 

4.6  cm,  parallal 

0.84 

0.84 

0.78 

4.6  cm,  perpendicular 

0.97 

0.97 

0.96 

2.8  cm,  (Nadir) 

0.92 

0.90 

2.8  cm.  parallel 

0.84 

0.81 

(0.781 

2.8  cm,  perpendicular 

0.97 

0.94 

(0.961 

1.6  cm.  (Nadir) 

0.92 

0.84 

1.6  cm,  parallel 

0.84 

0.75 

0.78 

1.6  cm,  perpendicular 

0.97 

0.86 

0.96 

0.8  cm.  (Nadir) 

(0.95) 

(0.751 

0.8  cm,  parallel 

(0.951 

(0.641 

(0.871 

0.8  cm,  perpendicular 

(0.971 

(0  691 

(0.961 

inferred  from  the  measurements  at  the  2.8-cm  wavelength.  Evidently,  surface 
roughness  has  a role  in  determining  the  emissivity  at  the  0.8  cm  wavelength  also  for 
FT  sea  ice. 

In  this  paper,  we  are  constrained  to  $ingle>channel  obser-ations  at  the  Nimbus-S 
ESMR  wavelength  of  1.S5  cm.  In  order  to  separate  out  the  various  contributions  to 
Tm,  it  is  necessary  to  use  a priori  values  of  and  to  depend  on  a time  sequence  of 
observations  and  a priori  knowledge  to  interpret  T#  in  terms  of  FY,  MY,  and  FT 
sea*ice  fractions.  To  this  end,  the  aircraft  observations  were  indispensable  in 
properly  interpreting  the  images  obtained  from  ESMR*5  data. 


3.  Microwave  Characteristics  of  Sea  Ice  in  the  Spring 

ESMR'S  brightness  temperatures  obtain  i on  board  Nimbus-5  since  its  launch  in 
December  1972  have  been  displayed  as  images  by  a computerized  polar  map 
projection  in  which  the  r«'s  are  represented  by  a color  scale  (Gloersen  et  al, 
1974a).  The  spring  distribution  of  ice  tvpes,  such  as  MY,  FY.  and  MY  + FY  $ho>vn 
in  the  Beaufort  Sea  portion  of  these  images,  is  remarkably  similar  from  one  year  to 
the  next,  and  to  that  of  earlier  years  as  measured  by  the  aircraft  ESMR  (Gloersen  et 
ai,  1973;  Campbell  ttai.  1976). 

In  this  paper  we  present  for  the  first  time  simultaneous  satellite  and  aircraft  data 
extending  over  a significant  portion  of  the  Arctic  Basin.  During  the  period  of 
observation,  16  to  19  April,  the  aircraft  transects,  Figure  1,  indicate  there  was  an 
insignificant  amount  of  open  water  along  the  transects.  This  permits  a simplified 
approach  to  interpreting  the  maps  in  Figure  1,  i.e.,  we  may  assume  that  C (percent 
open  water)  and  X (snow-free  thin-ice  fraction)  are  nearly  zero,  and  Equation  (5) 
becomes: 


Tti  ■ trail- 


(8) 
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Fi|  I ESMR-5  imif*  o(  the  north  poltr  repon  on  U April.  19^5  The  relmonihip  between  the 
bnghtneu  teinperiturte  end  the  colon  in  the  imi|e  ire  mdicited  on  t le  tcele  to  the  right,  along  wii^h  an 
indication  ol  the  approeinute  multivear  tea-ice  (raction.  F The  trantecta  on  the  image  indicate  the  (light 
path!  of  the  NASA  CV-990  airborne  laboratory  on  lb  and  19  April 

Because  was  measured  along  the  CV-990  transects  which  were  mostly  cloud- 
free  using  an  infrared  radiometer  operating  in  a band  centered  on  1 1 m»h.  Tg  is  a 
known  linear  function  of  F (multiyear  ice  fraction).  Plots  of  T*  vs  distance  along 
the  transects  are  shown  in  Figure  1.  Also  shown  on  Figures  I and  2 is  a ' -ale  from 
which  the  reader  may  infer  approximate  values  of  F along  the  transects.  Ahile  we 
have  direct  measurements  of  C and  T.„  only  in  the  area  of  the  aircraft  transects.  F 
may  be  inferred  over  much  wider  areas  because  is  relatively  constant  over  the 
ice  pack  and  because  numerous  airaaft  and  satellite  observations  indicated  essen- 
tially no  open  water  in  this  area  at  this  time. 

The  T*  profiles  shown  in  Figure  2 were  obtained  from  lO-s  averages  of  the 
center  10  ESMR-A.'C  be.*m  positions.  .As  in  a previous  study  (Campbell  et  ai. 
19T6)  vanous  ice  rones  can  be  delineated  by  noting  the  sanations  of  the  T» 
profiles.  For  example,  one  sees  in  Figure  2 the  transitions:  (1)  from  the  F^  and 
pack  into  the  predominantly  MY  polar  pack;  (2)  from  the  F\'  and  MY  pack  into  the 
shear  rone;  (3)  from  the  shear  rone  into  the  near-shore  ice  containing  beth  F^  and 
MY.  and  (4)  between  the  near-shore  ice  and  shore-fast  ice 
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Fig.  2.  ESMR-A/C  bnghcncM  temperitures  obtained  on  board  the  NASA  CV-990  airborne  labora- 
tory on  16  and  1^  April.  197}  along  the  transects  indicated  in  Figure  1.  The  zonal  characteristics 
(Campbell  era/..  19761  o(  the  Arctic  Basin  sea  ice  are  delineated. 


4.  Microwave  Characteristics  o<  Sea  Ice  in  Late  Sununer 

The  radiometric  distinction  of  FY  and  MY  sea  ice  is  difficult  in  the  melt  'ig 
season  because  the  ireeboard  lasers  of  both  have  high  moisture  content  and 
rnndom  crystal  orientation  (Campbell  eta/.,  1976)  giving  nse  to  high  values  of  the 
imaginary  part  of  the  index  of  refraction.  When  such  conditions  are  obtained 
uniformly,  the  determination  of  C is  much  simpler  than  under  frozen  surface 
conditions,  however,  because  tr\,  *».vcyi  and  T.c*  K and  Equation  (5) 

becomes; 

Tg,  ■ 268(«rri  fr\i)C  (f  rr.  ~ rpyJ-Y  - (fFr.  ~ f fy.  ).VC’, 

+ Ar*/4-t-3.  (9) 
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With  aircraft  observations,  the  spatial  resolution  is  sometimes  high  enough  to 
permit  an  additional  major  simplification;  the  FY  and  FT  ice  types  are  separable  for 
some  resolution  cells;  for  these,  C and  X are  restricted  to  values  of  0 or  1,  and 
Equation  (9)  becomes  the  basis  for  distinguishing  between  the  two  types. 

The  situation  is  probably  more  complex  than  this,  however,  because  various 
phenomena  occur  at  the  ice  surface  during  the  summer.  The  ice  surface  can  change 
rapidly  from  one  containing  extremely  sma!'  mounts  of  free  water  to  one  in  which 
all  ice  crystal  surfaces  are  wet.  According  to  microwave  measurements  of  an  alpine 
snowpack  by  Edgerton  et  al.  (1971),  and  snowpack  model  computations  (Chang 
and  Gloersen,  1975),  the  emissivity  of  snow  increases  rapidly  with  the  onset  of 
melting  and  then  decreases  slowly  as  the  free  water  content  increases. 

For  three  days  prior  to  the  first  AIDJEX  Phase  II  ESMR-A/C  mapping  mission 
on  18  August,  the  air  temperature  was  usually  below  freezing  and  the  ice  surface 
was  frozen  as  was  the  surface  of  the  melt  ponds,  which  had  2-3  cm  of  refrozen  slush 
with  slush  underneath.  The  maximum  Tb  was  observed  to  drop  steadily  by  about 
20  K:t7  K,  larger  than  the  calibr-ation  uncertainty  of  the  ESMR-A/C  (Campbell  et 
al.,  1978).  Fortunately,  detailed  observations  of  the  ice  surface  within  the  AIDJEX 
test  area  during  the  summer  were  made  by  Hanson  (in  pressi. 

In  Figure  3 for  the  period  11  August  to  4 September  we  show  the  state  of  the 
surface  in  and  around  the  AIDJEX  mam  camp  (as  observed  by  Hanson),  the  2-m  air 
temperatures  at  all  AIDJEX  camps,  the  time  of  each  CV-990  flight,  and  the 
observing  periods  for  the  ESMR-5  images  (Figures  4 and  6).  According  to  the 
surface  observations,  the  surface-layer  moisture  steadily  increased  during  the 
period  of  the  three  CV-990  flights,  in  agreement  with  the  observed  decreasing 
trend  of  the  Fa's  observed  .ith  the  ESMR-A/C.  it  is  noteworthy  that  the  moisture 
content  was  increasing  steadily  even  though  the  2-m  air  temperature  was  fluctuat- 
ing about  the  freezing  point.  There  are  no  measurements  to  indicate  how  cool  the 
Fj’s  became  due  to  progressive  ice-surface  melting  after  the  CV-990  flight.  Of 
course,  there  is  a limit  to  how  much  free  v>ater  can  remain  in  the  surface  layer, 
because  the  percolation  through  the  layer  and  into  the  melt  ponds  occurs  rapidly. 
However,  because  the  last  CV-990  fliglit  occurred  immediately  following  the 
largest  seasonal  melt  increment  (Figured),  we  issume  the  20  K decrease  in  Tg  due 
tc  increasing  surface-layer  moisture  was  the  maximum.  This  change  in  Tb  is 
significantly  less  than  that  observed  with  ESMR-5  for  parts  of  the  Arctic  basin 
during  this  period. 

It  appears  from  the  .tbove  that  the  minimum  T§  of  the  moist  sea  ice  is  about 
230  K.  This  is  also  the  signature  of  dry  MY  just  below  the  melt  point  (Table  I). 
Therefore,  any  F*  appreciably  lower  than  230  K can  be  due  neither  to  moist  sea  ice 
nor  dry  MY.  .Appreciably  lower  Ff  s can  be  caused  by  either  large  areas  of  open 
water  within  the  pack,  due  to  ice  divergence,  or  by  extensive  areas  of  open  melt 
ponds.  Of  these  two  possibilities,  we  believe  that  the  former  mechanism  is  respon- 
sible for  the  large  areas  of  low  F*  observed  in  the  summer  ice  pack  shown  in  the 
ESMR-^  images  (Figures  4 and  6). 


Fi|.  3.  Ptiyiical  conditions  at  the  AJDJEX  campsites  dunng  the  penod  10  August  to  •*  September. 
1975.  In  terms  of  microwai  e properties  of  the  ice.  the  comments  along  the  top  of  the  hgure  on  the 
physical  condition  of  the  ice  are  of  greater  imporunce  than  the  air  temperatures  indicated  by  the  data 

points  and  curves. 


The  large  area3  of  low  Ta  appear  as  green  .in  - ly2  K)  rones  deep  within  the 
Arctic  pack,  shown  in  the  ESMR  images  for  24,  27.  and  30  .August,  1975  (Figures  4 
and  6).  Also  shown  on  Figure  4 is  a transect  from  the  shoreline  through  and  beyond 
the  AIDJEX  test  area  along  which  Ta  data  from  the  ESMR  have  been  plotted  vs 
distance  in  Figure  5 for  the  three  different  ame  periods  during  August  shown  in 
Figures  4 and  6.  These  data  5ho*  that  very  'vge  spatial  and  temporal  variations  in 
Ta  occur.  This  is  the  first  time  we  have  succeeded  in  observing  such  pronounced 
large-scale  variaticr.:  in  Ta  at  time  scales  as  short  as  several  days.  This  is  also  the 
first  inte  Ta  changes  of  such  magnitude  withiii  the  Arctic  Basin  ice  pack  have  been 
observed.  These  changes  exceed  those  observed  for  the  ice  surface  itself  with  the 
ESMR-A.'C  data  dunng  that  time. 

The  very  large  low  Ta  areas  north  of  the  .Mam  AIDJEX  array,  several  hundred 
kilometers  in  extent,  suggest  that  the  percent  of  open  water  is  as  high  as  50%.  It  is 
interesting  to  note  that  the  divergence  m the  .Mam  .AIDJEX  manned  station  array, 
which  at  times  was  located  at  the  southern  extremity  of  this  highly  divergent  area, 
was  observed  wuh  ESMR-A/C  (Campbell  et  ai.  1978)  to  have  the  same  temporal 
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Fi|  * ESMR-5  im»|t  M ;h«  north  polir  region  on  2''  AuguM.  An  epprotirtuie  te»-ice 

concantTSiion  Kiic  ti  tSown  tlongude  the  b<  ightnets-iempcraiure  cokw  tcile  to  the  right  o(  ihe  flgure 
A uinwci  I*  ihown  on  ihc  mugc  along  which  :hc  iiitie  canaiion  o(  :hc  ES.MR-5  hnghineu  temperature 

was  ttuJicd  |tee  Figure  S i 

vanition  as  that  obsenerf  with  ESMR-5  (Figure  5).  Using  ESMR-A  C images  of 
the  main  AIDJEX  test  area  it  is  found  that  the  ice  within  the  AIP^EX  mangle  was 
corsolidated  on  IS  August,  diverging  on  22  .August,  and  more  divergent  on  2" 
.August,  on  which  occasion  the  percent  open  water  in  the  northeast  corner  of  the 
triangle  is  estimated  from  the  aircraft  data  to  he  about  compared  to  JO*!)  as 
deduced  from  ESMR-5  data  (Figure  5V  The  discrepancy  is  attributed  to  the  drop  m 
sea-ice  microwave  emissivity  in  this  period  due  to  the  increasing  amount  of  free 
water  in  th*  surface  laser  and  open-melt  ponds.  It  is  noteworthy  (in  Figure  that 
the  divergences  in  the  AIDJEX  mangle  and  the  region  around  ""T*  N.  135*  W were 
out  of  phase  and  the  maximum  divergence  in  the  northern  region  was  greater 
Returning  now  to  the  other  phenomenon  w.hich  mas  signiheantiv  lower  the  Ta  oi 
sea  ice.  i.e..  the  localized  thawing  of  melt  ponds,  evidence  is  presented  that  these 
effects  are  of  secondary  importance  It  was  observed  that  in  the  .AIDJEX  area  the 
pere’emage  of  the  ice  surface  covered  with  melt  pono.  was  ca  30*o  The  Ta  of  an 
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Fig.  5 Illimraiion  o(  the  ripiJ  rtuctuationj  in  bnghtne»$  temperature  »uh  time  in  late  August.  1<>T5 
along  the  transect  indicated  m Figure  4 These  fluctuations  are  attributed  to  rapid  sanations  in  the 

sea-ice  concentration. 


ice-free  meit  pond  is  130  K.  which  is  the  same  as  for  open  sea  water.  Therefore,  if 
the  melt  ponds  were  ice-free  in  an  area  that  was  30%  ponded,  the  decrease  in  Ta 
compared  to  the  frozen  state  would  be  32  K.  When  the  mdt  ponds  are  completely 
ice-frce,  the  surface  of  the  ice  floes  they  rest  upon  are  moist.  Based  on  the  average 
of  the  values  shown  earlier,  the  average  Ta  of  sea  ice  is  ca.  240  K.  Therefore  the 
combined  effect  of  ice-free  meit  ponds  and  moist  surface  is  a Ta  of  ca.  210  K.  From 
the  ESMR-5  images  shown  in  Figures  4 and  6,  it  can  be  seen  that  the  Ts's  within 
the  iow  Ta  zones  discussed  above  range  from  1'5  to  WOK  Therefoie.  although 
preferential  thawing  of  the  melt  pond  surfaces  within  the  low  Tg  zones  could 
account  for  part  of  the  decrease  in  Tg.  these  data  show  that  the  major  Tg  decrease 
must  be  due  to  open  water  Past  observations  <how  that  the  thawing  and  freezing  of 
melt  ponds  generally  occurs  over  large  areas  because  the  mechanisms  controlling 
these  are  associated  with  weather  systems  and  the  existence  of  extensive  cloud 
layers.  These  phenomena  generally  have  much  larger  dimensions  than  those  of  the 
low  Ta  areas  shown  in  Figures  4 and  b.  We  have  observed  from  a NO.A.-\-4  image 
that  on  30  .\ugust  the  entire  ice  pack  north  of  the  AIDJEX  area  to  the  Pole  was 
covered  by  a thick  stratus  cloud  layer.  Therefore,  if  the  melt  ponds  were  ice-free 
due  to  back-radiation  from  the  clouds,  which  frequently  happens  in  the  summer, 
then  they  should  be  ice-free  over  very  large  areas  and  not  iust  m the  smaller  areas 
of  low  Tg,  .Also.  It  IS  very  ditficult  to  see  how  limited  preferential  pond  melting  can 
account  for  the  rapid  motion  of  these  low  Tg  areas  observed  m the  sequential 
ESMR-5  imagery.  Therefore  we  conclude  that  the  tow  Tg's  observed  within  the 
pack  north  of  the  .AIDJEX  camp  on  24,  2".  and  30  .August  W'J  were  due  to  large 
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amounts  of  open  water.  Because  the  surface  observations  show  that  the  melt  ponds 
in  the  AIDJEX  area  at  this  time  were  not  ice-f;ee.  the  percentage  of  open  water  in 
these  green  areas  is  ca.  50-60®'o. 

Discovers  of  such  large  amounts  of  open  water  within  the  .\rctic  Basin  is 
significant  Although  aircraft  observations  (Wittman  and  Schule.  1966)  suggested 
that  ice  concentrations  as  low  as  90%  exist  at  times  within  the  polar  ice  pack,  we 
believe  (hat  this  is  the  first  reported  case  of  such  large  areas  of  ice  concentration  as 
low  as  50%  occurring  within  the  pack  in  the  Arctic  Basin 

5.  .Microwave  Characterisn'es  of  Sea  Ice  in  .Autumn 

.Autumn  gives  rise  to  microwave  images  similar  to  those  in  Spring  in  the  sense  that 
changes  in  T*  are  relatively  slow,  at  least  during  a two-week  time  period  centered 
on  20  October.  1975.  Figure  7 .Again,  a reasonable  deduction  is  that  such  slow 
changes  indicate  values  of  C ge.verally  near  zero  as  occurred  during  the  transect  bv 
ihe  CV-990  on  22  October.  19'^f  to  31*  N.  Figure  7 ,A  comparison  of  Figures  1 
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■nd  7 indicates  a distinctly  different  multiyear  distribution  for  Spring  and  Fall.  It  is 
likely  that  this  change  resulted  from  both  production  of  new  ice  throughout  the 
Araic  Basin  and  transport  of  multiyear  ice  in  the  Beaufort  Gyre  and  the  Trans- 
polar Drift  Str  sm. 

Measurements  of  by  the  ESMR  on  ooard  th^  CV-990  on  the  22  October 
transect  are  shown  in  Figure  8.  Here  the  Fa’s  of  the  center  11  beam  positions 
(angular  swath  of  *15’)  have  been  averaged  together  for  10  s,  to  produce  a very 
low  noise  signal.  Thus,  the  oscillations  in  Figure  8 arc  all  due  to  the  variation  in  the 
sea-ice  properties.  They  appear  to  divide  into  three  categories.  (1)  rapid  oscillations 
due  to  individual  or  aggregated  multiyear  floes  or  large  refrozen  poly ny as  (new  ice); 
(2)  slower  oscillations  with  a period  of  roughly  2®  to  4’  of  latitude;  and  (3)  an  almost 
linear  decrease  in  7b  towards  the  North  Pole  due  to  an  increase  in  F.  The  large 
refrozen  pclynyas  observed  between  78’  and  80’ N.  Figure  8.  are  noteworthy  in 
that  they  i'.dicate  earlier  low  values  of  ice  concentration  deep  within  the  pack 

The  Nimbus-5  ESMR  Fa's  along  the  CV-990  tracks  shown  in  Figures  7 and  8 
have  been  plotted  in  Figure  9 for  comparison  with  the  CV-990  data.  The  Fa's  are 
three-day  average  values  over  the  periods  20-23  October  and  26-29  October. 
1975.  ThiC  type  (1)  oscillations  mentioned  above  are  absent  due  mostly  to  spatial 
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Fig.  i.  ESMR-AC  bn(fltneu  ;emperaturn  *lon|  the  tranicci  mUicateU  on  Fi(ure  * illusiratini 
tonal  ttnictute  vtmilir  to  ihai  »no»n  m Fijvire  ' tor  ;;  Ociobcr.  i9'5  Noiewontiv  art  :he  tfgt 
refroten  polynvai  >i  hi|li  latinidet  a;on(  itw  iranteci  B -C.  .mSicaimt  'Hc  rariier  prevcnce  of  arje 

trtas  o(  open  water 
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Fi$.  9 ESMR-5  6n|h(nets  irnipentum  ilong  :he  CV-990  tnntec:  thomn  m Fifurc  8 (or 
two  diAercm  dJtei  litc  in  Octob«r.  19‘'5.  iliuuricini  the  nine  tinanon  of  the  t>n|htnesi  lempcrimre 
dunnf  this  icuon  The  diairun  in  the  lower  ri|ht  portion  of  the  figure  illustrain  the  lii|bl  path  o<  the 
CV-940  iiee  Figure  7).  The  leiteri  a:  the  end  of  these  tracks  correspond  to  the  letters  on  Fgures  7 
and  8 The  spetiaJ  vartattons  o(  the  hnghtneu  temperatures  closelv  parallel  those  observed  with  the 

ESMR-A.  C (Figure  8V 


averaging  There  is.  however,  a remarkable  similaritv  of  (he  type  (2)  and  (3) 
vanadons  in  Figures  8 and  9 for  the  coinadent  times.  On  comparing  the  Tt'i  of  the 
two  time  mtervais  in  Figure  9.  it  may  be  reasonably  concluded  that  the  type  (2) 
oscillations  are  attnbutable  mostly  to  the  vanation  of  C.  because  F cannot  reason* 
ably  be  expected  to  vary  so  much  over  such  a short  time 

6.  Microwave  Characicristics  of  Sea  Ice  in  Winter 

The  ESMR-5  polar  images  for  the  winter  of  1975  were  not  available  m the  color 
format  shown  for  the  other  seasons,  but  the  senes  for  the  preceding  winter  shows 
evidence  of  considerable  dynamic  activity  throughout  the  Arctic  Basin  To  best 
illustrate  this  we  selected  the  line  indicated  in  the  overall  view  of  the  Basin  shown. 
Figute  10.  for  7 Jenuary.  1974  The  Fa's  along  this  line  are  plotted  vs  distance  in 
Figure  I la  for  three  3-day  penods  in  December.  1973  The  dynamic  nature  of  the 
ice  cover  dunng  this  penod  suggests  the  presence  of  open  water,  i.e..  both  C and  F 
vary  with  location.  To  illustrate  this  in  a different  way.  three  regions.  .A.  B.  and  C 
defined  in  Figure  11a.  were  selected  for  further  analysis  over  a longer  time, 
extending  from  the  beginning  of  December  19’’3  to  the  beginning  of  February 
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Fi|  10  ESMR-?  »'ntntnc%4  :emp«rature  *Of  ' Januarv  I'J'A  The  line  Ji1  the  north  shore 
in«jicates  the  iOkAtion  o(  JetJtleJ  analvsia  a(  the  tem;»ral  variation  o(  the  hn^htneii  tcmpcraiure 

(tee  Fi|u:e  1 U 

W4.  Figure  ib  The  sea-ice  concentration  in  the  shoreline  zone.  A.  esidentls 
vanes  bv  as  much  as  0.5.  in  B and  C the  sanation  is  1 or  less 
To  displas  the  extent  of  the  changes,  a senes  of  eight  ESMR-5  images  starti  on 
S December.  19‘"5  and  ending  on  22  Januarx.  19'a  are  shosvn  in  Figures  12  and  1 .* 
Particular  attention  is  directed  tosvarJs  the  changes  m C taking  place  along  the 
North  American  shoreline  during  this  period  On  December  S.  the  ice  canops 
contains  considerable  open  ivater  along  the  .Alaskan  shoreline  west  of  Barross;  to 
the  east,  the  pack  is  fairls  ssell  consolidated  On  December  ll.  C has  decreased 
east  of  Barross  while  it  has  increased  in  the  Mackenzie  Bas  Barter  Island  area  On 
December  20.  C has  generallx  decreased  along  the  entire  shoreline  The 
subsei)uent  images  in  this  senes  displav  further  oscillations  m the  value  of  C along 
the  shoreline  Examination  of  similar  images  mot  shown*  atter  22  Januarx  indicates 
stabilization  of  the  pack  througnout  the  .Arctic  Basm  until  the  following  April,  as 
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Fif  tl  (t)  Tenpor&i  vtntiiofl  th«  ESMR-5  bnghtncM  cempcriturc  Uoni  the  line  indictie  i 
Figure  10  for  ihree  dilTereni  Jaict  in  the  Int  halt  o(  Deeetnbcr  {upper  curvctl  Regioni  A.  B an<2  C 
have  .’can  Ociincated  aa  rcftoni  of  high  and  moderaie  vananons  of  bnghineM  temperature  during  ihu 
•eaaon  (M  0o*ier  curvei)  The  temporal  •ananoiu  of  the  average  SnghmeM  temperaroree  in  iheie  three 
regi--ni  are  illuatrated  lor  the  month  of  December.  19TJ.  .'anuarv.  id'ra,  and  February.  J9'a 
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Fi|  12.  ESMR-5  im*|ef  o(  ihe  Arctic  Bum  (or  (our  due*  in  December  1973  illutuatini  the 
bnihineu  lempcniure  vaniuoni  in  that  penod  Evidently  the  largett  chaniei  m bn|htncu  tempera- 

turc  occur  m the  couial  renoat. 


evidenced  by  the  penistence  of  the  T*  patterns,  with  an  overall  lowcnng  of  the 
Tt'i  due  to  the  seasonal  Uend  in  the  surface  temperature. 

Another  remarkable  feature  in  these  images  is  the  distinctly  different  distnbuiion 
of  multiyear  sea  ice  in  the  basin,  as  compared  with  that  shown  for  the  winter  of 
1972-73,  dunng  which  F was  appreciably  higher  near  the  Laptev  and  East  Siberian 
Seas.  As  might  be  expected,  there  is  an  apparent  change  in  the  distribution  of  F 
depending  on  annual  variability  of  the  climate.  Systematic  studies  of  this 
phenomenon  may  provide  a valuable  indicator  of  climatic  change. 

7.  Coadudlng  Remarks 

We  have  observed  variability  of  sea-ice  concentration  (l-C)  and  first-year  multi- 
year sea-ice  fraction  (F)  using  an  imaging  microwave  radiometer  operating  at  a 
wavelength  of  1.55  cm  on  board  the  Nimbus-5  satellite.  Future  observations  using 
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Fig  13  Same  is  Figure  U but  one  month  liter 


the  two  channels  of  the  ESMR-6  in  addition  to  the  one  of  ESNtR*5.  and  eventually 
the  10-channel  SMMR  due  to  be  launched  on  the  Nimbus-G  and  Seasat-A  satel- 
lites in  1978.  are  expected  to  provide  valuable  information  on  the  .Arctic  Sea-Ice 
canopy  for  monitoring  .Arctic  weather  patterns,  and  for  input  to  existing  ice 
dynaiiiics  models  or  to  provide  a basis  for  revision  of  these  models,  and  to  provide  a 
framework  for  empirical  studies  related  to  safety  and  environmental  protection  in 
connection  with  resource  extraction  in  the  northern  continental  shelf  area. 
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MINERAL  PRECIPITATION  IN  NORTH  SLOPE  AUFEIS  FIELDS 
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GREENBELT,  MARYLAND  20771 


ABSTRACT 


i 


Powdered  calcium  carbonate  (CaC03)  patches  averaging  4 cm  in  thickness 
were  found  on  aufeis  fields  in  the  Canning  and  Shaviovik  Rivers  in  north- 
eastern Alaska.  The  presence  of  this  material  on  aufeis  (overflow  river 
ice)  suggests  that  the  groundwater  which  feeds  the  aufeis  is  coming  from 
depth  and  has  flowed  through  calcareous  bedrock.  Aufeis  forms  when  ground 
or  river  water  is  forced  upwards  through  cracks  in  the  river  ice.  Calcium 
carbonate  in  solution  in  the  groundwater  is  excluded  as  the  wf  \er  freezes 
during  ice  growth.  Calcium  carbonate  slush  accumulates  on  top  of  the  ice 
as  the  aufeis  ablates  in  the  melt  season.  Four  patches  of  CaCOj  covering 
approximately  O.IX  of  the  total  area  of  the  Canning  River  aufeis  were  obser- 
ved during  the  July  1978  field  study.  It  is  estimated  that  approximately 
540  cu  m of  CaCOj  precipitate  were  present  in  the  Canning  River  aufeis  in 

July  of  1978.  If  similar  percentages  of  CaC03  precipitate  were  present  on 
other  the  other  aufeis  fields  on  the  eastern  North  Slope,  approximately 
18,000  cu  m of  CaC03  v^ould  be  present  during  a given  year  in  the  major 
North  Slope  aufeis  fields.  Most  of  this  precipitate  is-deposited  into  the 
Arctic  Ocean  via  river  flow. 
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GEOMORPUIC  PROCESSES  ON  THE 

NORTH  SLOPE  OF  ALASKA 

Dorothy  K.  Hall 
Hydrospheric  Scit.ices  Branch 
NASA/Goddard  Space  Flight  Center 

ABSTRACT 

Three  physiographic  provinces  comprise  the  North  Slope  of  Alaska;  the  Arctic 
Mountains,  the  Arctic  Foothills  and  the  Arctic  Coastal  Plain  Provinces.  The  features 
and  processes  in  the  Arctic  Coastal  Plain,  a zone  of  continuov  permafrost,  fit  stressed 
in  this  paper.  The  evidence  for  and  mechanisms  of  the  geomorphic  c>i,ie  are  discussed 
starting  with  frost  cracks.  Frost  cracks  may  form  polygonal  ground  which  leads  to 
low-centered  ice  wedge  polygons  in  areas  having  ice-rich  permafrost.  As  the  low- 
centered  ice  wedge  polygons  enlarge  due  to  thermal  erosion  they  may  evolve  into  thav.- 
lakes  which  are  largely  oriented  in  a northwest-southeast  direction  on  the  Arctic  Coastal 
Plain.  Eventual  drainage  of  a deep  lake  may  result  in  a closed-system  pingo.  Evidence 
of  the  various  stages  Ok  u.e  geomorphic  cycle  is  ubiquitous  on  the  Alaskan  Arctic  Coastal 
Plain  and  indicates  the  ice  content  of  the  permafrost  in  some  areas. 
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THE  1977  TUNDRA  FIRE  AT 
KOKOLIK  RIVER,  ALASKA 

D.  Hall,  J.  Brown  and  L.  Johnson 

INTRODUCTION 

Widespread  fires  occurred  on  the  Seward 
Peninsula  during  the  summer  of  1977.  During 
this  period  there  was  also  one  large  natural  fire 
in  northern  Alaska.  This  fire  occurred  due  east  of 
Pt.  Lay  and  several  kilometers  southwest  of  the 
Kokolik  River,  Alaska  (69®30'N,  161  "SOW;  Fig. 

1 ).  No  tundra  fires  have  previously  been  reported 
from  this  area.  However,  fires  on  the  North  Slope 
during  the  years  1%9  to  1971  were  reported, 
four  of  which  were  reportedly  caused  by  light- 


ning (Wein  1977,  Barney  and  Comiskey  1973). 
According  to  the  Bureau  of  Land  Management 
(BLM)  smoke  jumper  records,  this  was  the 
northern-most  fire  ever  manned  by  BLM  in 
Alaska. 

The  fire,  presumably  caused  by  lightning,  oc- 
curred on  the  boundary  between  the  coastal 
plain  and  the  northern  foothills  (McCulloch 
1%7).  It  apparently  started  just  west  of  the  Na- 
tional Petroleum  Reserve  — Alaska  (NPRA) 
boundary  and  spread  eastward  into  the  NPRA 
(Fig  1). 


Figure  7.  Location  map  of  Kokolik  River  tundra  fire  with  7,  2,  and  27 
August  boundaries  of  the  fire.  Boundaries  of  the  fire  were  drawn  from 
1:63,360  Landsat  photographic  enlargements  prepared  by  T.  Marlar, 
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Climatic  conditions  in  northern  and  western 
Alaska  during  the  summer  of  1977  were  ap- 
parently ideal  for  tundra  fires.  Cape  Lisburne, 
operated  by  the  U.S.  Air  Force,  is  185  km  to  the 
southwest  on  the  coast  and  is  the  closest 
available  reporting  station  to  the  1977  Kokolik 
River  fire. 

July  was  extremely  dry  (5.3-mm  rainfall)  and 
average  temperatures  were  above  normal.  Max- 
imum air  temperatures  in  late  July  were  in  the 
mid-teens  and  low  20s  (*C).  In  general,  the  North 
Slope  experienced  an  extremely  dry  July  with  no 
precipitation  reported  from  Umiat  or  Barrow  for 
the  period  9 to  24  July  1977. 

The  fire  was  discovered  by  the  8LM  on  26 
July,  at  which  time  its  extent  was  estimated  at 
0.4  km’.  But  high  winds  prevented  the  fire- 
fighters from  landing  on  26  July.  These  winds, 
which  continued  through  31  July,  undoubtedly 
contributed  to  the  intense  nature  of  the  fire.  By 
noon  on  27  July,  when  the  first  BLM  firefighters 
arrived,  the  extent  was  estimated  at  4.0  km’. 
BLM  personnel  fought  the  fire  from  27  July  to  31 
July,  at  which  time  it  was  abandoned  in  order  to 
deal  with  fires  elsewhere. 

Apparently  light  rains  nearly  extinguished  the 
fire  on  28  July,  and  after  it  started  up  again,  fog 
slowed  its  progress  on  30  July.  Nevertheless, 
Landsat  imagery  indicates  the  fire  was  still  burn- 
ing on  2 August.  The  BLM  fire  report  indicated 
that  on  7 August  the  fire  had  not  gained  any 
"acreage"  and  was  declared  to  be  "controlled." 
It  was  declared  out  by  BLM  on  12  August 

We  have  studied  the  fire  through  the  combin- 
ed use  of  Landsat  imagery,  a reconnaissance 
field  trip,  and  field  reports  from  BLM.  This  short 
report  presents  information  on  the  spread  of  the 
fire,  the  meteorological  observations,  the 
natural  containment  of  the  fire,  and  the  ground 
investigations  following  the  fire. 

SATELLITE  OBSERVATIONS 

Landsat  multispectral  scanner  subsystem 
(MSS)  imagery  has  previously  been  employed  to 
measure  the  progression  and  areal  extent  of 
wildfires  (Haugen  et  al.  1972).  Landsat  provides 
repetitive  coverage  with  a spatial  resolution  of 
80  m.  The  MSS  onboard  the  Landsat-1  and  -2 
satellites  provides  imagery  in  four  spectral 
bands;  band  4 (0.5-0.6  pm)  and  band  5 (0.6-0.7  fim) 
in  the  visible  range;  and  band  6 (0.7-0.8  m’”)  and 
band  7 (0.8-1 .1  m’’^)  in  the  near-infrared  range. 


Only  imagery  from  bands  5 and  7 was  used  in 
this  study.  Analysis  of  the  1977  Landsat  imagery 
provided  considerable  information  on  the  areal 
extent  and  movement  of  the  Kokolik  River  fire, 
as  well  as  the  rapidly  changing  wind  conditions 
which  affected  the  spread  of  the  fire. 

Figure  2 shows  the  area  of  the  Kokolik  River 
fire  before  the  fire  on  21  July  1977.  Note  the  two 
small  lakes  southest  of  Mumik  Lake.  These  lakes 
became  surrounded  by  fire  as  seen  on  later 
Landsat  scenes. 

By  1 August  the  fire  was  burning  quite  inten- 
sively (Fig.  3).  The  smoke  shows  up  clearly  on 
bartd  5 imagery  and  provides  a good  indicator  of 
wind  direction.  On  2 August  a drastic  shift  in 
wind  direction  from  the  previous  day  occurred, 
as  seen  in  Figure  4.  National  Weather  Service 
Synoptic  Maps  indicate  that  there  was  a shift  in 
the  wind  direction  from  northeast  at  5 knots  on  1 
August  to  southwest  at  10  knots  on  2 August 
(NWS  1977).  This  information  correlates  well 
with  the  information  derived  from  Landsat.  In 
fact,  the  Landsat  imagery  is  probably  a better  in- 
dicator of  wind  direction  than  the  NWS  maps  for 
which  the  data  have  been  extrapolated  over 
large  areas.  Considerable  haziness  is  visible  on 
the  2 August  image  (Fig.  4).  This  is  probably  due 
to  smoke  from  fires  which  were  burning  at  the 
time  on  the  Seward  Peninsula  (southwest  of  the 
Kokolik  River  fire). 

Figures  5 and  6 are  band  7 images  of  the  1 and 
2 August  scenes.  Band  7 is  more  useful  than 
band  5 for  delineation  of  the  areal  extent  of  the 
fire.  The  extent  was  determined  to  be  26  km’  on 
1 August  and  34  km’  on  2 August.  Digitized 
Landsat  imagery  was  used  to  obtain  these  areal 
measurements  on  the  Atmospheric  and  Oceano- 
graphic Image  Processing  System  (AOlPS)  at 
Goddard  Space  Flight  Center. 

Black  and  white  positive  transparencies  of 
Landsat  scenes  were  scanned  and  projected  on- 
to a television  screen.  The  burned  area  was  then 
delineated  by  a cursor.*  Subsequently,  a pixel 
(picture  element)  count  of  the  burned  area  was 
taken.  The  number  of  Landsat  pixels  was  deter- 
mined and  then  the  total  extent  in  square 
kilometers  was  calculated.  Digital  analysis  of 
the  1 and  2 August  images  revealed  an  8-km’  in- 
crease in  extent  of  burn  over  the  24-hour  period. 
Measurements  using  a 21  August  image  (Fig.  7) 
revealed  an  ultimate  extent  of  44  km’  for  the 
burn.  No  Landsat  images  could  be  obtained  be- 
tween 2 and  21  August  but  the  fire  was  con- 
sidered to  be  out  by  12  August. 


•The  cursor  on  a computer  terminal  delineates  the  outline  of 
the  burned  area. 
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Figure  0 shows  1;2SO.OOO-scale  enlargements 
of  the  Kokolik  River  burned  area  on  1 and  27 
August  1977.  By  superimposing  the  burned  areas 
from  the  Landsat  imagery  on  the  1;2S0,000  Pt. 
Lay  and  Utukok  River  U S.  Geologic  Survey  top- 
ographic maps,  it  became  apparent  that  the 
stream  bordering  the  fire  on  the  east  formed  a 
natural  fire  barrier.  The  fire  then  spread  north- 
ward and  southward  (Fig.  1)  being  arrested  again 
by  streams  to  the  north  The  small  streams  that 
ultimately  contained  the  fire  are  below  the  80-m 
resolution  of  the  Landsat  imagery.  However, 
recently  available  NASA  aerial  photography,  ob- 
taineo  on  1 August  1977  (see  cover  photograph), 
confirms  the  fact  that  the  streams  contained  the 
fire,  as  interpreted  on  the  Landsat  imagery. 

GROUND  OBSERVATIONS 

Craig  Johnson  of  the  Forest  Soil  Laboratory, 
University  of  Alaska,  and  Lawrence  Johnson, 


CRREL.  spent  30  August  on  site  after  landing 
there  by  a BLM-c bartered  helicopter.  Low- 
altitude  observations  from  the  helicopter  in- 
dicated that  that  fire  burned  a range  of  vegeta- 
tion and  relief  types  which  included  low  poly- 
gonized  and  upland  tussock  tundras  The  fire 
was  extremely  hot  and.  although  exposed 
mineral  soils  in  the  upland  tundra  were  not  a 
high  percentage  of  the  total  area,  the  extent  of 
bare  soils  was  several  times  greater  in  the  burn- 
ed areas  than  in  comparable  unburned  areas. 
Some  of  the  bare  areas  could  have  been  exposed 
previously  as  frost  scars  or  boils. 

A transect  within  the  upland  tundra  was 
established  from  approximately  180  m within 
the  burn,  to  the  edge  of  the  burn,  across  a small 
creek  and  up  onto  the  unburned  tundra.  TJ>e 
exact  ground  location  of  the  transect  was  dif- 
ficult to  ascertain  because  of  poor  visibility 
from  the  air,  but  was' most  likely  located  on  the 
eastern  edge  of  the  burn  (Fig.  1).  Three  1-m’ 


quadrats  were  established  in  each  of  the  follow- 
ing burned  areas;  1)  severely  burned  tussock  tuiv 
dra,  2)  moderately  burned  wet  tundia.  3)  lightly 
burned  shrub  tundra  at  the  edge  of  the  fire,  and 
4)  unburned  tussock  tundra.  Percentages  of 
cover  of  live  vascular  plants,  mosses,  lichens, 
and  charred  surface  were  observed  within  each 
quadrat.  Soil  samples  were  obtained  for  subse- 
quent nutrient  analysis.  Depth  of  thaw  was 
measured  at  five  points  within  the  quadrat  and 
at  2S-m  intervals  along  the  180-m  transect. 

By  comparison  with  the  unburrted  vegetation, 
which  had  large,  well-developed  tussocks,  it  was 
estimated  that  80-90%  of  the  biomass  of  the 
tussocks  was  consumed  in  the  fire.  All  areas  of 
raised  relief,  which  characteristically  consisted 
or  tussock  tundra,  were  severely  burr>ed  and 
averaged  less  than  10%  live  cover.  This  may 
have  been  due  to  greater  available  fuel  (litter 
and  standing  dead  vegetation),  drier  soils 
associated  w'th  higher  terrain,  or  both 

In  contrast,  irregularly  distributed  areas  of 
low  relief,  suc'i  as  swales,  were  moderately  burn- 
ed and  averaged  10%  live  cover.  Lightly  burned 
areas  average)  50%  live  cover.  It  appeared  that 
all  abovegrou  id  shrub  parts  in  both  severely  and 


moderately  burned  areas  had  been  consumed  by 
the  fire,  and  if  there  were  any  living  below 
ground  parts,  they  had  not  sprouted  by  the  end 
of  August.  In  contrast.  80%  of  the  tussocks 
already  showed  regrowth  from  shoots  (Fig.  9). 
There  was  also  regrowth  in  meadows  containing 
Carex  and  Eriophorum  angustHolium  which  oc- 
cupy the  low-lying,  moderately  burned  areas. 
Similar  late  summer  regrowth  in  tussocks  was 
ob<.*ved  in  the  Elliott  Highway  tussock  fire  in 
1%9  (Wein  and  Bliss  1973,  Brown  and  Vietor 
1969). 

The  burned  area  appeared  wetter  on  the  sur- 
face than  the  unburned  area  because  of  a lack  of 
moisture-absorbing  organic  matter  and  possible 
release  of  moisture  from  the  deeper  thawed 
zone.  Depth  of  thaw  between  ti;ssocks  averaged 
35  4 cm  in  the  burned  areas  as  compared  with 
26.6  cm  in  the  unburned  areas  Mackay  (1977) 
reports  upon  the  continued  seasonal  increase  in 
thaw  at  the  Inuvik  fire  following  an  average  in- 
itial increase  of  24  cm  after  that  fire  Kriuchkov 
(1968)  [translation  in  Brown  et  al.,  (1%9)] 
discusses  the  initial  increase  in  thaw  followed  by 
a decrease  in  subsequent  years  for  tundra  fires  in 
Siberia 


CONCLUSIONS 

The  lummer  of  1977  Kokolik  fire  totalerl  44 
km’  of  tundra  vegetation  according  to  measure- 
ments using  Landsat  Imagery.  Based  on  the  ex- 
perience gained  from  analysis  of  this  fire  using 
ground  observations.  Landsat  imagery,  and 
topographic  maps.  It  appears  that  natural 
drainages  form  effective  fire  breaks  on  the  sub- 
dued relief  of  the  arctic  coastal  plain  and  north- 
ern foothills  Furthermore,  this  study  reconfirm- 
ed that  intensity  of  the  fire  is  related  to  vegeta- 
tion type  and  moisture  content  of  the  organic 
rich  soils 


FUTURE  INVESTIGATIONS 

The  Kokolik  River  fire  site  provides  an  ex- 
cellent site  for  continued  investigations  of  fire 
effects  on  tundra  and  permafrost  terrains.  Th.* 
following  studies  are  desirable. 

(1)  Comparison  of  the  nutrient  runoff  and 
change  in  primary  productivity  between  the 
burned  and  unburned  area*  Tlie  influence  of 
both  increased  nutrient  and  sediment  load  on 
the  lakes  contained  within  the  fire  area  (Figl) 
could  also  be  followed 

(2)  Monitoring  depth  of  thaw  changes  and 
thermokarst  development  under  burned  areas  of 
different  intensity  and  moisture  conditions  The 
hypothesis  proposed  by  L Viereck  (personal 
communication)  that  intensity  of  frost  action 
may  be  directly  related  to  fire  frequency  on  the 
Seward  Peninsula  could  be  tested  at  this  site. 

(3)  Monitoring  revejetation  and  successional 
changes  on  the  burned  areas  The  increased 
flowering  of  Enophorum  vagmatum  which  nor- 
mally occurs  after  a fire  could  provide  a 
harv->stable  seed  source  for  revegetation  effort* 
elsewhere  Digital  analyses  of  the  available 
August  1977  Landsat  imagery  can  be  used  to 
classify  burn  intensity  as  a function  of  reflec- 
tance differences 

(4)  Acquisition  of  ground  truth  data,  par- 
ticularly on  vegetation  succession,  which  can  be 
correlated  with  detailed  digital  analyses  of 
future  Landsat  imagery.  Landsat  data  obtained 
during  the  spring  and  summer  of  1978  should 
reveal  valuable  information  on  initial  vegetation 
response  in  the  burned  areas 
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The  1977  Tundra  Fire  in  the 
Kokolik  River  Area  of  Alaska 


jrraooccnoN 

Wideapread  firee  occurred  on  the  Seward 
Peniniula,  Alaaka,  duriof  the  lummer  of 
1977.  Onrini  thia  period  there  wu  alao  one 
large  natural  fire  in  the  northern  pan  of  the 
ittte.  Pmumabiy  cauaed  by  lightniiig.  U oc- 
curred due  eaat  of  Point  Lay  and  aeveral 
kilometrea  touthweat  of  the  Kokolik  River 
(69*3<rN,  1<1*30?V)  on  the  liottadary  be- 
tween the  coastal  plain  and  the  northern  foot- 
hiUi>  (Fig.  1).  According  to  the  unokc-hunper 


record  kept  by  the  U4.  Bureau  of  Land  Man- 
aytment  (BLM)  this  was  the  farthest  north  a 
fire  had  aver  been  fought  by  the  personnel 
of  BLM  ia  Alaska.  No  tundra  fires  bad  pre- 
viouUy  been  reponed  from  this  area,  al- 
though during  the  years  1969  to  1971  fires 
occurred  on  the  North  Slope  of  which  four 
were  stated  to  have  been  caused  by  light- 
ning**. 

Climatic  eooditioos  in  northern  and  west- 
ern Alaska  during  the  summer  of  1977,  u 
observed  at  the  Cape  Lisbume  station  of 
the  U.S  Air  Force,  situated  IIS  km  to  the 
southwest  of  the  area  of  the  Kokolik  River 
fire  (the  meteorological  observation  centre 
closest  to  it),  were  apparently  ideal  for  tun- 
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Point  Lay. 
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edly  contributed  to  the  iatense  nature  of  the 
fire.  By  noon  on  27  July,  when  the  first  BLM 
fifhten  arrived,  the  enent  estimated  at 
4.0  kin>.  The  BLM  persr-.ocl  foufht  the 
fire  from  27  July  to  3}  July,  when  they 
abandoned  it  in  o^r  to  attend  to  outbreaks 
elsewhere.  Apparently,  lisu  rains  nearly  ex- 
tinguished the  fire  on  28  .'uly,  and  after  it 
had  started  up  again  fog  sicvi^  its  progress 
once  more  on  30  July.  Neva  'helcss,  accord- 
ing to  the  Landsat  imagery  th.'  fire  was  still 
burnkg  on  2 Ai^ust.  It  was  ftated  in  the 
BLM  fire  report  that  on  7 August  the  fire 
bad  not  gained  any  '‘acreage"  and  was  "con- 
trolled". It  was  dtfdared  out  by  the  BLM  on 
12  Augw. 

The  information  on  the  spread  of  the  fire. 


dra  fires.  In  July  it  was  extremely  dry  (3.3 
mm  rainfall);  a^  average  air  temperatnres 
were  above  nonnaL  maxima  in  the  latter 
part  of  the  month  being  in  the  mid-teess  tod 
low  twenties  (*C).  The  North  Slofw  was  in 
general  extremely  dry.  no  precipitatiop  being 
reported  from  Umiat  or  Barrow  for  the  pe- 
riod 9-24  July  1977. 

The  Kokolik  Riva  fire  apparen'Jy  started 
jus:  west  of  the  National  Petroleum  Re- 
serve— Alaska  (NPRA)  boundary  and  then 
spread  eastward  into  the  NPRA  itself  (Fig. 
1).  It  was  discovered  by  personnel  of  the 
BLM  on  26  July,  at  which  time  its  extent 
was  estimated  at  0.4  km-.  High  winds,  which 
prevented  the  fire  fighters  from  landing  on 
26  July,  prevailc'J  until  31  July  and  undoubt- 
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Fic.  2.  TOP:  Landsat  band  7 scene  (scene  LD.  no.  2923-21342)  of  Kokolik  River  fire,  show- 
ing extent  and  direction  of  smoke  on  2 August  1977.  BOTTOM;  1:230.000  enlargements  of 
scenes  of  me  fire  area  on  (a)  1 August  (scene  LD.  no.  2922-21284)  and  (b)  27  August  (scene 
LD.  no.  3861-20300). 
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H pctMaud  Ui  this  short  paper,  wu  lathered 
troa  Landtat  iniaiery.  OMtcorolofical  ob> 
aerrationa.  facta  coocemiai  the  natural  coo- 
tainment  ii  the  Are.  and  investifaiioot  of  the 
affected  area  followiiig  the  Arc. 

aanLUTi  oasuvanoNS 

Laadsat  naltispcctraJ  scanoer  subsystetn 
(MSS)  imaicrv  has  previously  been  r^a- 
ployed  to  measure  the  prosreasion  and  arenl 
extent  of  wildAres^.  Laadsat  provides  repeti- 
tive coveraie  with  a spatial  resolution  of  80 
metres.  The  MSS  oo  board  the  Laodsat-l 
and  Landsat-2  provides  imatery  in  four  spec- 
tral bands:  band  4 (O.S-0.6  offl)  and  band  S 
(0.6-0.7  Mn)  in  the  visible  ran|c;  and  band  6 
(0.74).l  am)  and  band  7 (0.8-1. 1 am)  in 
the  near-infrared  ranfc.  Only  inufery  from 
bands  5 and  7 were  used  in  this  study. 
Analysis  of  the  1977  Laadsat  imaiery 
provided  considerable  information  on  the 
spread  of  the  Koholik  River  Are  u well  as 
the  rapidly  changini  wind  conditions  which 
induenced  it. 

Examination  of  the  band  5 (visible)  im- 
age for  1 August  clearly  revealed  two  dis- 
tinct smoke  plumes  einarating  from  the  Arc 
on  its  eastern  boundary  and  a wmd  blowing 
from  the  easL  The  band  7 (near-infrared) 
image  did  not  show  srell-dcAned  smoke 
plumes  and  therefore  provided  a poor  indi- 
catioo  of  wind  direuioo;  it  did  however  pro- 
vide the  best  available  view  of  the  26  km* 
areal  extent  of  (he  Are.  The  measurements 
of  the  areal  extent  of  the  Are  are  based  on 
digital  analysis  of  1:1. 000,000-scale  Landsat 
imagery.  Ptetographic  enlargements  of  (he 
burned  areas  were  laid  directly  on  top  of  a 
1:6).J60  topographic  map  of  the  \JS.  Geo- 
lofi^  Sun^  (see  Fig.  I). 

The  band  5 image  for  2 August  (Fig.  2)  in- 
dicatad  a shift  in  wind  direction,  with  imoke 
blowing  to  (he  east.  National  Weather  Service 
synoptic  maps  indicate  that  there  was  a 
change  in  wind,  from  5 knots  (9  km  per  hour) 
nonhcasterly  on  1 August  to  10  knou  south- 
westerly on  2 August*.  These  dau  correlate 
well  with  the  results  of  the  Landsat  observa- 
tiona. 

Considerable  hariness  existed  on  the  band 
5 image  of  2 August,  probably  due  to  (he 
smoke  from  Ares  that  were  burning  on  the 
Seward  Peninsula. 

A companson  of  (he  band  7 images  of  1 
August  and  2 August  reveals  an  increase 
from  26  km*  in  the  extent  of  (be  Art  over 
the  24-hour  period  to  34  km*.  The  images 
of  the  Are  of  21  August  and  of  27  .August 
both  indicate  (bat  a total  of  44  km*  had 
boned  — an  increase  of  about  10  km*  suica 
2 August  (Fig.  2). 


By  superimposing  enlargements  of  the 
Landsat  imagery  of  the  burned  areas  on  (he 
(opngraphic  map  of  scale  1:63.360.  it  is  ap- 
parent that  the  stream  bordering  the  Arc  on 
(he  cast  had  formed  a natural  Are  berrier,  and 
that  (be  Are  then  spread  northward  and  south- 
ward (Fig.  I).  Again,  the  stream  channel  to 
the  north  seemed  to  have  stopped  the  spread 
of  the  Arc.  These  small  channels  were  not 
apparent  on  the  Landsat  image. 

oaouND  oavvavATioNS 

Craig  Johnson  of  the  Forest  Soil  Labora- 
tory. University  of  Alaska,  together  with 
one  of  (he  present  authon  (Johnson)  spent 
30  August  on  site  sfter  landing  there  by 
helicopter.  Low-altitude  observations  from 
the  helicopter  indicated  that  the  Arc  burned 
a range  of  vegetation  and  relief  types  which 
included  low-polygonixed  and  uplaiid-tuasock 
tundras.  The  Are  was  extremely  hot  and.  al- 
though e.xposed  mineral  soils  in  the  upland 
tundra  did  not  constitute  a high  percentage 
of  the  total  area,  the  extent  of  bare  soils  was 
several  times  greater  in  (he  burned  areas 
than  in  comparable  unbumed  areas.  Some  of 
the  bare  areas  could  have  previously  been 
exposed  as  frost  scars  or  boils. 

A transect  within  the  upland  tundra  was 
established  from  approximately  180  metres 
within  the  bum  to  the  edge  of  the  bum. 
across  a small  creek  and  up  onto  (he  un- 
bumed tundra.  The  exact  ground  location 
of  the  transect  was  diAkult  :o  aKcrtain.  due 
to  poor  visibility  from  (he  air.  hut  it  is  most 
likely  located  on  the  eastern  edge  of  the  bum 
(Fig.  I).  Three  onc-metre-square  quadrats 
were  estaM  ihed  in  each  of  (ha  following 
burned  aicas:  severely  burned  tussock  tun- 
dra; moderately  burned  wet  tundra;  lightly 
burned  shrub  tundra  at  the  edge  of  the  Arc; 
and  unbumed  tussock  tundra.  The  percent- 
age of  area  covered  by  live  vascular  plants, 
oioeses.  lichens  and  charred  surface  was  ob- 
served within  each  quadrat  Soil  samples  were 
obtained  for  :ubi^uenl  autnent  analysis. 
Depth  of  thaw  was  measured  at  Ave  points 
within  the  quadrat  and  at  25-m  intervals 
along  (he  180-m  transect. 

On  the  basis  of  a companion  with  the 
unbumed  vegetation,  which  had  large,  well- 
developed  tussocks.  It  was  esumaied  that  80- 
90^  of  the  biomass  of  the  tussocks  was 
consumed  in  (he  Are.  .All  areas  of  raised  re- 
lief, which  charac'.cnsucally  consisted  of  tus- 
sock tundra,  were  severely  burned,  sverapng 
leu  than  10*6  live-plant  cover.  This  may 
have  been  due  to  cither  more  fuel  (litter  and 
standing  dead  vegetatioo)  being  available, 
dnir  sods  being  usocuted  with  higher  ter- 
rain. or  both  coodiuonr.  In  contrast,  irrcgu- 
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no.  3.  CloM-up  view  of 
severely  burned  tussocki. 
Individual  tussocks  show 
regrowth.  Photograph 
by  L.  Johnson. 

30  August  1977. 


larly  distributed  areas  of  low  relief,  such  as 
swales,  were  moderately  burned,  averaging 
30%  live  plant  cover,  while  in  lightly  burned 
areas  live  vaKular -plant  cover  averaged  40%. 
It  appeared  that  all  shrub  pans  present  above 
ground,  in  both  severely  and  moderately 
burned  areas,  bad  been  consumed  by  the  fire, 
and  if  any  below-ground  shrub  parts  were 
still  living,  they  had  not  sprouted  by  the  end 
of  August  In  contrast,  80%  of  the  tussocks 
already  showed  regrowth,  as  was  evidenced 
by  their  shoots  (Fig.  3);  «nd  there  was  also 
regrowtb  in  svetter  areas  containing  Carer 
spp.  and  Eriophorun’  antusiifolium.  Such  re- 
growih  of  tuaaocJs  ii.  the  late  summer  was 
also  observed  in  the  tussock  fire  at  Elliott 
Highway  in  1969  • 7. 

The  burned  area  appeared  wetter  on  the 
surface  than  the  unbumed  area,  due  to  a 
lack  of  moisture -absorbing  organic  matter 
and  the  possible  release  of  moisture  from  the 
deeper-ihawed  zone.  Depth  of  thaw  between 
tusMcks  averaged  33.4  cm  in  the  burned 
areas,  as  compared  to  26  6 cm  in  the  un- 
burned  oocs.  Mackay'  reports  that  after  '.be 
Inuvik  lire  of  1968  there  was  a continued 
seasonal  increase  in  thaw  following  an  aver- 
age initial  increase  of  24  cm.  Kryuchkov* 
discusses  the  fact  that  an  initial  increase  in 
thaw  was  followed  by  a subse<(ucnt  decrease 
in  it  after  tundra  fires  in  Siberia. 

roasiBLZ  ruTvag  imvutioatioss 

The  site  of  the  Kokoiik  River  fire  is  e.xcei- 
lent  for  continued  investigations,  similar  to 
tboea  undertaken  at  Inuvik^*.  of  the  effects 
of  fire  on  tundra  and  permafrost  terrains.  It 
is  derirable  to: 

(a)  compare  the  nutrient  runoff  and  change 
in  primary  productivity  between  the  burned 
and  unburn^  areas.  The  mfiucnce  of  antici- 


pated increases  in  nutrient  and  sediment  loads 
on  the  lakes  contained  within  the  fire  area 
I Fig.  II  could  also  be  investigated. 

ibl  monitor  depth-of-thaw  changes  and 
thermokarst  development  under  areas  of  dif- 
ferent intensity  of  burn  and  different  moisture 
conditions.  The  hypothesis  proposed  by  L. 
Viereck.  U S Forest  Service  (personnel  com- 
munication). that  intensity  of  frost  action 
may  be  directly  related  to  fire  frequency  on 
the  Seward  Peninsula  could  be  te«’eo  at  this 
site. 

(c)  monitor  revegetation  and  luccessional 
changes  on  the  burned  areas.  The  increased 
flowering  of  Enophornm  \agtnaium.  which 
normally  occurs  aJfter  a Are.  could  piovida  a 
harvestable  teed  source  for  revegetation  else- 
where. Digital  analyses  of  the  available  Land- 
sat  imagery  for  .August  1977  can  be  used  to 
classify  bum  intensitv  as  a function  of  re- 
flectance differences. 

id)  acquire  ground-truth  data  parucularly 
on  vegetation  succession,  which  can  be  cor- 
related with  those  obtained  from  detailed 
digital  analyses  of  fu;ure  Landsat  imagery. 
Data  obtained  from  the  latter  during  the 
spring  and  sut.'.mer  of  197S  should  reveal 
valuable  informs:. on  on  the  initial  response 
of  vegetation  in  the  burned  areas. 

CONCLUSIONS 

The  Kokolik  River  fire  of  197*  affected  an 
area  of  44  km^,  according  to  measurements 
made  using  Landsat  imagerv  On  the  evi- 
dence obtained  from  an  analytical  study  of 
this  fire  by  ground  observations.  Landsat 
imagery  and  topographic  maps,  it  appears 
that  natural  drainages  form  effective  fire 
breaks  on  the  subdued  relief  of  the  .Arctic 
coastal  plain  and  northern  foothills.  Further- 
more. this  study  seo-ed  to  reconfirm  the  fact 
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that  the  intensity  of  fire  is  related  to  vegeta- 
tion type  and  moisture  content  for  organi- 
cally-rich  soils. 
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PASSIVE  MICROWAVE  STUDIES  OF  640-78 

SNOWPACR  PROPERTIES  \! 

By 

D.  K.  Hall  lit  A*  Chang  2^/,  J.  L.  Foster 
A.  Rango  2/ • T.  Schmugge  1! 

Introduction 

The  uae  of  remotely-acquired  microwave  data,  in  conjunction  with  essential  ground 
measurements  will  most  likely  lead  to  improved  information  extraction  regarding  snowpack 
properties  beyond  that  available  by  conventional  techniques.  Landsat  visible  and  near-in- 
frared satellite  data  have  recently  come  into  near  operational  use  for  performing  snowcov- 
ered  area  measurements  (Rango,  1975:  1978).  However,  Landsat  data  acquisition  is  hampered 
by  cloudcover,  sometimes  at  critical  times  when  a snowpack  is  ripe.  Furthermore,  informa- 
tion on  water  equivalent,  free  water  content,  and  other  snowpack  properties  germane  to 
accurate  runoff  predictions  is  not  currently  obtainable  using  Landsat  data  alone  because 
only  surface  and  very  near-surface  reflectances  are  detected. 

Microtrave  data  have  the  potential  to  provide  information  regarding  internal  snow- 
pack properties,  even  through  cloudcover  because  of  the  penetrating  character  of  the  radia- 
tion. However,  operational  use  of  remotely-collected  microwave  data  for  snowpack  analysis 
is  not  Inlnent  because  of  complexities  Involved  in  the  data  analysis.  Snowpack  and  soil 
properties  are  highly  variable  and  their  effects  on  microwave  emission  are  still  being 
explored.  Nevertheless  much  work  is  being  done  to  develop  both  active  microwave  (Hoekstra 
and  Spangle,  1972;  Ellerbruch,  et  al.,  1977)  and  passive  microwave  techniques  (Schmugge 
et  al. , 1973;  Schmugge,  1973;  Linlor  et  al.,  1974;  and  Chang  et  al. , 1976)  for  analysis  of 
snowpack  properties.  Passive  microwave  data  obtained  during  recent  flights  by  NASA  air- 
craft over  Colorado  will  be  discussed  in  this  paper. 


i./  Presented  at  the  Western  Snow  Conference,  April  18-20,  1978,  Otter  Rock,  Oregon 

1/  NASA/Goddard  Space  Flight  Center,  Greenbelt,  Maryland. 

3/  Systems  and  Applied  Sciences  Corporation,  Rlverdale,  Maryland. 

"Reprinted  Western  Snow  Conference  1978" 
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NASA  Technical  Memorandum  80310  June  1979 

PASSIVE  MICROWAVE  APPLICATIONS  TO 

SNOWPACK  MONITORING  USING  SATELLITE  DATA 

Dorothy  K.  HaU 
James  L.  Foster 
Alfred  T.  C.  Chang 
Albert  Rango 

ABSTRACT 

Nimbus-S  Electrically  Scanned  Microwave  Radiometer  (ESMR)  data  were  analyzed  for  the  fall 
of  197S  and  winter  and  summer  of  1976  over  the  Arctic  Coastal  Plain  of  Alaska  to  determine  the 
applicability  of  those  data  to  snowpack  monitoring.  It  was  found  that  when  the  snow  depth  re- 
mained constant  at  1 2.7  cm,  the  brightness  temperatures  (Tg)  varied  with  air  temperature.  During 
April  and  May  the  production  of  ice  lenses  and  layers  within  the  snow,  and  possibly  wet  ground  be- 
neath the  snow  contribute  to  the  T^  variations  also.  Comparison  of  March  Tg  values  of  three  areas 
with  the  same  (12.7  cm)  snow  depth  showed  that  air  temperature  is  the  predominant  factor  con- 
trolling the  Tg  differences  among  the  three  areas,  but  underlying  surface  conditions  and  individual 
snowpack  characteristics  are  also  significant  factors. 
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NASA  Technical  Memorandum  79613,  July  1978. 


*Preiented  at  the  American  Society  of  Photogrammetry  Fall  Technical  Meeting,  October  1 5-20, 1978, 
Albuquerque,  NM. 


PASSIVE  MICROWAVE  STUDIES 
OF  FROZEN  LAKES* 

Dorothy  K.  Hall 
James  L.  Foster 
Albert  Rango 
Alfred  T.  C.  Chang 
Hydrospheric  Sciences  Branch 
NASA/Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 


ABSTRACT 


Lakes  of  various  sizes,  depths  and  ice  thicknesses  in  Alaska, 
Utah  and  Colorado  were  overflown  with  passive  microwave 
sensors  providing  observations  at  several  wavelengths.  A 
layer  model  is  used  to  calculate  the  microwave  brightness 
temperature,  Tg  (a  function  of  the  emissivity  and  physical 
temperatures  of  the  object),  of  snowcovered  ice  overlain  with 
water.  Calculated  T^’s  are  comparable  to  measured  Tg’s. 

At  short  wavelengths,  e.g.,  0.8  cm,  Tg  data  provide  informa- 
tion on  the  near  surface  properties  of  ice  covered  lakes  where 
the  long  wavelength,  21.0  cm,  observations  sense  the  entire 
thickness  of  ice  including  underlying  water.  Additionally,  Tg 
is  found  to  increase  with  ice  thickness.  1.55  cm  observations 
on  Chandalar  Lake  in  Alaska  show  a Tg  increase  of  SS’K  with 
a '^124  cm  increase  in  ice  thickness. 
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NASA  Technical  Memorandum  80602  December  1979 

LANDSAT  DIGITAL  ANALYSIS  OF  THE  INITIAL  RECOVERY 
OF  THE  KOKOLIK  RIVER  TUNDRA  FIRE  AREA.  ALASKA 

D.  K.  Hall* ** 

J.  P.  Ormsby* 

L.  Johnson* • 

J.  Brownt 

ABSTRACT 

During  late  July  and  early  August  1977,  a wildfire  burned  a 48  square  kilometer  area  in  the 
tundra  of  northwestern  Alaska  near  the  Kokolik  River.  The  environmental  effects  of  the  fire  were 
studied  in  the  field  and  from  aircraft  and  Landsat  data.  Three  categories  of  bum  severity  were  delin- 
eated using  an  August  1977  Landsat  scene  acquired  shortly  after  the  fire  stopped.  Measurable  reflec- 
tance increases  occurred  in  all  three  categories  of  bum  severity  by  the  following  year  as  determined 
from  a Landsat  image  acquired  in  August  1978.  Re^owth  of  vegetation  in  the  one  year  period  fol- 
lowing the  fire  was  measured  using  Landsat  digital  data  and  compared  with  field  measurements  from 
selected  portions  within  the  burned  area.  Live  ground  cover  increased  SO  percent  in  the  severely 
burned  portions  of  the  burned  area  and  SO  - 75  percent  in  the  lightly  burned  portions  as  determined 
from  field  measurements.  Landsat-derived  measurements  showed  an  increase  of  62. S percent  in  re- 
flectance for  the  severely  burned  areas,  and  S3  percent  for  the  light  burned  areas,  which  is  attributed 
to  regrowth  of  vegetation.  The  most  severely  burned  portion  of  the  burned  area  decreased  by  9.6 
square  kilometers  in  area  in  approximately  one  year  according  to  measurements  made  using  Landsat 
data.  Within  the  lightly  burned  portion,  S.9  square  kilometers  had  completely  recovered  based  on 
spectral  response.  Prefire  terrain  and  vegetation  conditions  were  also  found  to  influence  bum 
severity.  Field  measurements  showed  that  high  relief  areas  generally  burned  more  completely  than 
lower  lying  areas.  Satellite  data  before  and  after  the  fire  confirmed  this  for  much  of  the  burned  area. 


*NASA/Goddard  Laboratory  for  Atmospheric  Sciences,  Code  91 .1,  Greenbelt,  MD  20771 

**U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory,  Fairbanks,  AK  99701 
tU.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory,  Hanover,  NH  037SS 
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Reprinted  from  Toxic  Dinoflagellate  Blooms,  Taylor,  D.  C.  and  Seliger,  H.  H.,  Ed.,  Elsevier/North 
Holland,  NY,  pp.  303-308,  1979. 

PROSPECTS  FOR  MEXSURING  PHYTOPLANKTON  BLOOM  EXTENT  AMD  PATCHINESS 
USING  REMOTELY  SENSED  OCEAN  COLOR  IMAGES:  AN  EXAMPLE 

JAKES  L.  MUELLER 

Laboratory  for  Atmoapharle  Sclancaa,  NASA  Goddard  Spaca  Flight  Cantor, 
Groanbalt,  Maryland  20771 


ABSTRACT 

An  oeaan  color  imago  maaaurad  from  a high  altltuda  aircraft  is 
prasantad  and  dltcussad.  Tha  imago  shows  largo  scala  (25  to  £0  tan) 
turbidity  patchos  off  tha  wast  coast  of  Florida  during  a major 
Gvmnodinium  bravo  bloom  in  Octobar  1977.  That  at  loast  ana  of  tha 
largos  patchas  was  G.  bravo  is  suggastad  by  a singla  ^ situ  maasuro- 
mant  mada  tha  pravious  day. 

INTRODUCTION 

Tha  location,  size,  and  shapa  of  bloom  patches  ara  widely  racog- 
nlsad  to  bo  important,  but  poorly  Icnown,  paramatars  in  marine  phyto- 
plankton ecology.  For  toxic  dinoflagallatas  in  p tlcular,  those 
parameters  relate  to  questions  concerning  site  and  oceanographic  con- 
ditions associated  with  tha  initiation  of  major  blooms.  .Mora  gener- 
ally, spatial  extant  and  distribution  data  ara  needed  to  refine  esti- 
mates of  overall  standing  stock  during  blooms,  and  to  identify 
coherence  between  phytoplankton  patch  structure  and  patterned  physical 
phenotaena  such  as  river  plumes,  current  deflections  by  bottom  topo- 
graphy, and  coastal  upwelling  fronts. 

Bloom  extent  and  large-scale  patchiness  have  been  difficult  to 
determine  in  the  past,  coastal  regions  affected  by  dinoflagellate 
blooms,  for  instance,  typically  extend  tens  of  kilometers  offshore  and 
hundreds  of  kilometers  alongshore.  Even  when  ships  are  augmented  by 
helicopters,  ^ situ  sampling  is  too  slow  and  expensive  to  adequately 
define  phytoplankton  distributions  over  areas  this  large.  Reconnais- 
sance by  light  aircraft,  coupled  with  asrial  photography,  can  provide 
useful  information  on  patchiness,  but  only  over  limited  areas. 

The  Coastal  Zone  Color  Scanner  (CZCS)  recently  placed  in  earth  or- 
bit on  Nimbus-7  offers  an  exciting  new  tool  for  mapping  phytoplankton 
bloom  patches  over  individual  scenes  approximately  700  tan  x 700  km  in 
extent.  The  CZCS  is  a six  channel  visible  and  infrared  scanning  radio- 
meter having  a spatial  resolution  of  approximately  one  <>”n.  A detailed 
description  of  the  CZCS,  including  data  formats,  is  given  by  Hovis^. 
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A (Towlns  body  of  llttratur*  documonts  tigniflcant  corrolatlons 
botwatn  ocoan  color  and  chlorophyll  concantr^tlon.  Further  research 
la  required  to  derive  a reliable  chlorophyll  alcorlthm  ualnc  CZCS  data, 
and  to  determine  Ita  precision.  Nevertheless,  succeat  la  aaaured  for 
at  least  usefully  mapping  large-scale  patchiness  structure  In  phyto- 
plankton blooms  with  the  CZCSi  relative  turbidity  estimates  are  suf- 
ficient for  this  particular  problem.  In  order  to  Illustrate  this 
potential  use  of  CZCS  data.  I will  present  and  discuss  an  ocean  color 
Image  of  phytoplankton  patches  measured  from  an  airplane  with  a proto- 
type Instrument.  This  Image  was  measursd  off  the  west  coast  of  Florida 
during  a known  Gvmnodlnlum  breve  bloom. 

OBSERVATIONS  AND  RESULTS 

While  transiting  to  fly  Ocean  Color  Scanner  (OCS)  Imagery  over  the 
Dry  Tortugas  in  support  of  CZCS  Nimbus  Experiment  Team  research,  the 
crew  of  a NASA-chartered  Lear-Jet  observed  large  patches  of  brown 
phytoplankton  near  the  Florida  coast.  The  next  day.  14  October  1977. 
they  flaw  the  OCS  to  measure  the  two  image  segments  shown  here  In 
Figure  1.  The  jagged  edges  of  the  Image  are  due  to  aircraft  roll, 
for  which  each  scan  line  is  corrected  using  data  from  the  airplane's 
Inertial  navigation  system.  The  geographical  locations  of  the  two 
Image  segments  are  outlined  as  rectangles  In  Figure  Z.  In  order  to 
depict  the  bottom  topography  i;ffectlng  radiance  distributions  In 
Figure  1.  the  approximate  Isobaths  for  2.  4,  6.  and  10  m are  also 
sketched  In  Figure  2. 

The  OCS  Is  a 10  cha>inel  scanning  radiometer  built  as  a prototype  for 
the  CZCS.  The  ground  resolution  (pixel  site]  of  the  OCS  is  approxi- 
mately 50  m.  The  channels  are  each  approximately  25  nm  wide  with 
center  wavelengths  ofi  425.  **62.  502.  54B.  592.  636.  672.  710.  756. 
and  795  nm. 

Figure  l*is  a false  color  representation  of  radiances  measured  by 
the  OCS  at  592  nm.  Over  the  water,  lowest  radiances  are  black  ( <37). 
and  radiances  increase  through  blue  (57).  pale  green  (77).  olive  drab 
(97).  golden  brown  (117).  brown  (137)  and  reddish  brown  (157).  The 
numbers  in  parenthesis  are  digital  counts  of  OCS  system  output  and  are 
related  to  radiance  by  a constant  gain  factor.  The  three  highest 
radiance  levels  Indicated  on  the  color  bar,  gold  (177),  yellow  (197) 
and  white  (217),  do  not  occur  over  water  in  Figure  1.  There  is  a 
slight  color  mismatch  between  the  image  and  the  color  bar,  so  that  in 
whs  image,  golden  brown  (117)  can  easily  be  mistaken  for  yellow  (197). 
and  pale  green  (77)  for  white  (217). 


riq.  2.  Chart  of  th*  rlorid*  co«» 
•howinq  th«  qaoqraphic  location! 
of  thb  two  OCS  taiaqa  aaiqaantt  of 
rig.  I at  ovarlappinq  ractarqlaa. 

laobatha  for  2 m (. . * » 

( ),  6 m ( I,  and  13  a 

i 1 tra  ikatch«d  ibaaad 

oiTTiCAA  aarina  navigational  charttl 
to  aid  in  idantif/ing  ootton 
raflactlon  pattorni  in  Fig.  1. 


rig.  1.*  Ocaan  color  radianca  pai- 
aaaaurad  at  S92  nn  with  an 
s'.iborna  ocaan  color  acannar  off 
tha  watt  coast  of  Florida  during 
a Ciinnodlniuni  brava  bloom  (rad 
tida  avanti . Rafar  to  tha  main 
taxt  for  intarpratation  of  patchi- 
nasi  and  for  an  axplanation  of 
tha  color  coding  usad  to  contour 
radianca  lavals  (Courtaay  of  NASX 
Lawia  Raaaarch  Cantar.l. 


Upwallad  radiance  pattarna  In  Tl^ura  1 ara  atcrlbueabla  to  two 
coBpatlng  phanoraana.  At  any  pixal,  radiance  N upwallad  beneath  the 
aaa  aurtaca  it  9ivan  by  the  aua  N * 'vhet'n  the  two  radiance 

conponanta  ara: 

1)  Daylight  reflected  from  the  aaa  bottom,  which  variaa 
approxlatately  aa: 

Njj  S H A e"^’'**  (1) 

where  H ia  incident  irradianca,  A ia  bottom  albedo,  K ia  the  vertical 
diffusa  attenuation  coefficient  of  tea  water,  and  d ia  water  depth. 

2)  Daylight  backacattared  by  aaa  water  and  auapended  particlea, 

N^,  which  variaa  approximately  aa: 

Nw  - H ^ (1  - (2) 

whara  r la  the  volume  reflectance  of  aaa  water. 

Approximationa  (1)  and  (2)  ahow  that  the  ralativa  contributiona  of 
and  vary  with  r,  k,  and  d.  Reflectance  r and  diffuaa  attenuation 
k both  incraaaa  with  incraaaing  turbidity,  although  not  generally  in 
a fixed  relationahip  to  eac.h  other.  Therefore,  for  fixed  d,  the  ratio 
**w^**b  incraaaa  with  inereaaing  turbidity.  And  for  horizontally 

conatant  r and  k,  will  incraaaa  with  incraaaing  depth  d. 

In  the  abaence  of  phytoplankton  blooma,  or  of  turbidity  plumea 
from  tarreatrial  runoff,  aaa  water  ia  typically  clear  over  the  inner 

g 

Florida  ahelf.  Middleton  and  Barker  , uaing  0C:>  data  for  clear  water 
eonditiona,  ahowed  that  bottom  deptha  near  Tampa  Bay,  Florida,  ar., 
highly  correlated  with  upwelled  radiance  at  SSO  nm  from  0 to  12  m depth 
(aguared  correlation  coefficient  • 0.94).  To  interpret  Figure  1,  I 
will  aaaume  on  the  baaia  of  thia  correlation,  that  under  turbid  condi- 
tiona  dominatea  in  deptha  leaa  than  fi  m,  dominataa  in  deptha 
greater  than  12  m,  and  that  both  and  are  important  in  deptha 
between  6 and  12  m. 

riaferring  to  Figurea  1 and  2 together,  the  general  bottom  alope, 
except  for  the  Cape  Romano  Shoala  at  25'^-45'n,  81°*40'w,  i.tipliaa  a 
nonotonic  decreaaa  in  with  diatance  effahore.  The  high  radiance 
pattema  (golden  brown  to  reddiah  brown)  at  2S'^*4S'N,  81^-40 'W  clearly 
delineate  the  complicated  atructure  of  the  Cape  Romano  Shoala.  Further 
north  along  the  ahore,  the  reddiah  brown  to  o.' ive  drab  banding  la  con- 
aiatant  with  the  tranu  of  bottom  alope  inahore  of  the  6 m isobath. 
Further  offahore,  however,  are  three  large,  anomalou.sly  bright  (pale 
green  to  olive  drab)  areaa  which  ara  not  conai.ttant  with  patterna 
implied  by  bat.hyraetric  gradienta.  Theaa  areaa,  centered  approxi.-nately 
at  2«°-10'N,  81°-55'M,  at  2«°-20’N,  81°-15’W,  and  at  25°-55'N,  82^-00'W, 
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4r«  th«r*for«  Idtntlfitd  u patchat  of  hl(h  turbidity.  Dit  iarcaat 
patch,  axtandln*  from  25*-38’N.  8l'’-50*W  to  23®-10*N.  82®-03*  W.  ia 
laballad  ’Brown  Phytoplankton'  on  tha  baala  of  vitual  obaarvations  by 
tha  flifht  artr. 

At  tha  tlaa  of  this  flight,  “ha  Plorlda  Dapartaant  of  Natural  Ra- 
aourcaa  iPDNR)  laboratory  in  St.  Pataraburc,  Plorlda  «aa  following  tha 
prograaa  of  a aajor  Cvnnodlnj’jg  orava  bloon.  Tha  bloon  aovad  southward 
down  tha  «raat  eoaat  of  Plorlda.  paaaad  through  tha  Plorlda  Stralta,  and 
aubaaquantly  raappaarad  on  tha  aaat  eoaat.  On  13  October  1977.  PCNR 
paraonr.al  aaaaurad  a C.  brava  eoncantraticn  of  I.3  * 10^  calla/litar  in 
poaition  26®-20'N,  82®-12'W  Xhla  poaitlon  falla  In  tha  aiddla  of 
taa  northamnost  turbidity  patch  of  Plgura  1.  which  was  aaaaurad  on 
1^  October  1977.  this  colncldanca  strongly  laplias  that  tha  turbid 
area  at  26*-20'N.  82®-l3'W  in  Plgura  1 was  a C.  brave  bloon  patch 
approxlaataly  23  ka  in  dlaaatar.  It  la  intriguing  to  speculate  that 
tha  larger  (23  km  x do  ka)  patch  to  tha  south  was  also  likely  to  have 
bean  G.  brave  which  was  not  datactad  In  FDNR's  oaapling  progrsn. 
Certainly,  had  Figure  1 bean  available  to  PDNR  in  near  raal>tiaa,  they 
could  have  aodlfiad  and  axtandad  their  sanpling  to  confirm  and  quantify 
tha  apparent  G.  breve  extent  and  patchy  structure. 

SUMMARY 

Figure  l*is  a remotely  measured  ocean  color  image  showing  what  is 
probably  the  patchy  structure  of  1 C.  brava  bloom  axtendinq  over 
a 60  km  X 100  km  area  off  the  west  coast  of  Florida.  This  conclusion 
is  based  ..n  vinual  inspection  of  bathymetry  to  infar  bottom  reflection 
trands.  and  on  l single  ground  truth  measurasant  of  C.  brava  concantrs' 
tion  obtained  independently  (and  fortuitously)  by  PDNR.  The  image 
shows  coherent  bloom  patches  which  extend  scales  up  to  CO  km  in  length. 

The  scientific  value  of  this  OCS  data  would,  of  course,  be  greater 
with  more  extensive  ground  truth  data  and  additional  analysis  to 
quantify,  and  improve  discrimination  between,  turbidity  and  bottom 
reflection  effects.  Nevertheless,  Plgura  1 conclusively  dsmonstrates 
the  strong  potential  utility  which  remote  ocean  color  sensors  hold  . )r 
future  studies  and  monitoring  of  phyt.?plankton  bloom  extent  and 
patchiness. 
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RESULTS  OF  A STATISTICAL  APPROACH  TO  RAINFALL 
ESTIMATION  USING  NIMBUS  S 6.7;im  AND  1 1 .S^im  THIR  DATA 

James  P.  Ormsby 
ABSTRACT 

Nimbus  S 6.7/im  and  I l.S/mi  Temperature  Humidity  Infrared  Radiometer  (THIR)  data  were 
used  in  a simple  multiple  regression  scheme  to  test  the  feasibility  of  using  these  data  to  estimate 
hourly  rainfall.  Throughout  the  test  area  (85“W  to  105“W  and  45“N  to  30“N)  subareas 
(8°X6°)  were  chosen  from  which  point  to  point  and  areal  statistics  were  obtained. 

Four  subsets  of  data  were  used.  The  first  consisted  of  only  those  surface  stations  indicating 
precipitation  whose  latitude  and  longitude  coincided  with  the  THIR  grid  points.  A second  used 
surface  stations  0.1  degree  from  the  THIR  grid  points.  The  third  was  a combination  of  subsets 
one  and  two.  A reciprocal  distance  weighting  scheme  was  used  to  derive  precipitation  values  in 
data  sparse  areas.  A fourth  subset  was  made  using  these  data  combined  with  the  data  from  sub- 
sets one  and  two. 

Point  estimates  resulted  in  negative  correlations  between  estimated  and  grid  derived  “surface” 
precipitation.  One  degree  areal  estimates  showed  a slight  improvement  with  a correlation  coeffi- 
cient of  0. 1 1 . Single  regression  areal  estimates  resulted  in  correlations  of  0. 1 1 and  0.20 
for  the  6.7/on  and  I LS^m  data  respectively. 

These  poor  results  were  attributed  to  problems  which  are  inherent  in  the  satellite  data 
(location  errore,  short  temporal  span  of  data,  wavelength  of  sensors,  etc)  and  the  lack  of  suffi- 
cient surface  data  to  better  verify  the  satellite  estimate. 
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ARCTIC  SEA  ICE  DECAY  SIMULATED  FOR  A CO, -INDUCED 
TEMPERATURE  RISE 


CLAIRE  L.  PARKINSON 

NASAlCoddtrd  SptKt  FUtht  Ctttf,  Grt*nb*lt.  MtryUnd  20771.  L’.S.A. 
ind 

WILLIAM  W.  KELLOGG* 

Ntihttl  Centtr  for  Aimosfihtrk  Rttnrek,  Bouldir.  Coterado  80S07,  L'.S.A. 


AtatncL  A laift  lah  numahctl  tunt'dcpendenl  model  of  sea  ice  that  takes  into 
account  the  heat  tluxei  in  and  out  of  the  ice.  the  seasonal  occurrence  at  snow, 
and  ice  motions  has  been  used  in  an  experiment  to  determine  the  response  of  the 
Arctic  Ocean  ice  pack  to  a watming  of  the  atmosphere.  The  detrcc  of  warmini 
specUted  is  that  expected  for  a doubling  oi  atmospheric  carbon  dioxide  wuh  its 
associated  greenhouse  eflect.  a condition  that  could  occur  before  the  middle  of 
the  next  century.  The  results  of  three  5-year  simulations  with  a warmer  atmos- 
phere and  varied  boundary  conditions  were  ( I ) that  in  the  face  of  a 5 K surface 
atmospheric  temperature  increase  the  ice  pack  disappeared  completely  in  August 
and  September  but  reformed  in  the  central  Arctic  Ocean  in  mid  fall:|2)  that  the 
simulations  were  moderately  dependent  on  assumptions  concemmg  cloud  cover: 
and  (3)  that  even  when  atmospheric  temperature  incteases  of  6-9  K were  corn- 
bused  with  an  order-oi-magnitude  increase  in  the  upwrard  heat  tlux  from  the 
ocean,  the  ice  still  reappeared  in  winter.  It  should  be  noted  that  a yeat-round 
ice-fiee  Arcnc  Ocean  has  apparently  not  existed  for  a million  years  or  more. 


1.  Incroduction 

During  ihe  past  several  years  considerable  attention  has  been  given  to  the  probable  effects 
on  dinute  of  the  increase  in  atmospheric  carbon  dio.xide  (CO, ) due  to  the  burning  of 
fossil  fuels.  Since  carbon  dioxide  absorbs  infrared  radiation,  some  of  which  would 
otherwise  escape  to  space,  an  expected  effect  of  adding  CO,  to  the  lower  atmosphere  is 
to  raise  the  average  surface  temperature  of  the  earth.  Although  there  is  still  much 
uncertainty,  a variety  of  climate  models  and  model  comparisons  are  converging  on  a 
temperature  res;<onse  approximating  a 1 .5-3  K increase  in  global  mean  surface  temper- 
ature for  a CO,  doubling  (e.g.,  Maaabe  and  Wetherald,  1967:  2.3  K;  Manabe  and 


Tha  calculations  for  this  work  w«rt  earned  out  while  boih  authors  were  at  the  National  Center  toi 
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*Cunently  on  leave,  working  for  the  World  Meteorological  Organixation  in  Geneva.  Switzerland,  on 
the  World  Climate  Programme. 

amine  Omntt  2 a9''9)  149-161  0165-0009/79i0022-0149$01.40. 

Copyiigkt  C 1979  6y  D Rtidtl  RubUthmt  Company 


687 


Gain  L.  Pirkuison  *nd  William  W.  KaUoff 

Wetherald.  197S:  2.9  K;  Schneider,  197$:  I. $-3.0  K:  Augustsson  and  Ramanathan,  1977: 
2.0-3. 2 K);  and  the  response  in  the  polar  regions  is  expected  to  be  several  times  larger 
than  that  in  the  equatorial  belt,  according  to  model  studies  by  Manabe  and  Wetherald 
(197$),  Sellers  (1974).  and  Ramanathan  erai.  (1979).  These  latter  results  are  corrobor- 
ated by  noting  that,  m the  event  of  natural  changes,  the  real  atmosphere  also  displays  a 
larger  response  in  the  polar  regions  (SMIC.  1971;  van  Loon  and  Williams,  1976.  1977; 
Borzenkova  era/.,  1976).  It  is  believed  that  the  doubling  of  atmospheric  carbon  dioxide 
could  be  achieved  by  the  middle  of  the  next  century,  based  on  the  assumption  that  the 
rate  of  fossil  fuel  consumption  will  continue  to  increase  (Broecker,  197$;  Keeling  and 
Bacastow,  1977;  Siegenthaler  and  Oeschger.  1978;  Kellogg.  1979). 

.Uthough  the  magnitude  of  the  effect  is  uncertain,  any  temperature  rise  in  the  polar 
regions  would  unquestionably  mtluence  the  floating  pack  ice  of  the  .Arctic  Ocean.  .An 
expected  consequence  of  a temperature  increase  would  be  an  increased  downward  heat 
flux  at  the  surface  and  a decrease  in  both  the  areal  extent  of  ice  and  ice  thickness.  This 
would  produce  at  least  one  strong  feedback  effect,  serving  to  further  increase  atmospheric 
temperatures.  Since  ice  reflects  a far  greater  percentage  of  incoming  solar  radiation  than 
does  open  water,  a lessened  areal  extent  of  floating  pack  ice  would  increase  the  amount 
of  solar  radiation  absorbed  at  the  air-ocean  interface.  Thus  the  polar  surface  temperature 
increase  due  to  CO-  could  be  expected  to  be  reinforced  by  this  positive  feedback  created 
through  the  reduction  of  .Arctic  sea  ice. 

The  temperature  response  from  a global  doubling  of  atmospheric  carbon  dioxide 
would  likely  be  strongest  in  the  surface  layer  of  the  polar  regions  for  several  additional 
reasons.  Bolstering  the  positive  feedback  mentioned  above,  the  stable  stratification  m the 
polar  troposphere  suppresses  vertical  mixing  and  hence  limits  the  amount  of  turbulence 
transferring  the  surface  heat  upward  (Manabe  and  Wetherald.  1<>'7$).  .As  a result  of  such 
regional  peculianties,  the  temperature  response  in  the  surface  layer  of  the  polar  regions 
could  well  be  3-4  times  that  of  the  global  average  of  1.5-3  K for  a doubling  of  CO; . and 
a 10  K value  is  estimated  by  the  model  of  Manabe  and  Wetherald  (197$)  for  the  average 
annual  increase  at  SO  *N.  .An  improved  model  by  the  same  authors  (.1979)  suggests  a 
7-8  K response  at  30  for  a CO;  doubling. 

The  specific  question  of  what  would  happen  to  the  Arctic  Ocean  ice  pack  in  the  face 
of  such  a warming  trend  has  been  investigated  by  Budyko  (P66.  19t4>  with  a fairly  simple 
heat-balance  model,  and  he  concluded  that  a 4 K rise  in  summertune  temperature  would 
be  sufficient  to  cause  the  ice  pack  to  disappear  entirely.  He  conjectured,  furthermore, 
that  once  the  ice  pack  had  disappeared  it  would  not  reform  in  winter.  In  the  present  study 
the  same  question  is  asked  and  the  results  from  a more  complete  model  of  the  pack  ice 
are  presented. 

Numerical  modeling  can  clearly  serve  a useful  purpose  in  evaluating  hypothetical 
scenanos  of  the  future.  .Although  mankind  might  inadvertently  perform  the  'real  world 
expenment'  by  indeed  doubling  the  atmospheric  carbon  dioxide  content,  thereby  allow- 
ing direct  observation  of  its  consequences  in  the  polar  regions,  it  is  less  risky  and  much 
quicker  to  perform  the  experiment  numencally  In  doing  so.  however,  one  must  remain 
aware  that  the  response  of  a model  is  not  necessarily  the  response  which  the  real  world 
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would  hive,  cspeciilly  in  view  of  the  lirfe  number  of  interactive  proceasca  esaentially 
ignored  In  the  simulations  (Kellogg,  1975).  Nevertheless,  model  results  can  provide  an 
estimate  of  possible  effects  and  can  add  an  additional  component  to  our  understanding  of 
past  and  future  climatic  changes. 

Thus,  for  instance,  we  accept  as  a starting  point  the  results  of  Manabe  and  Wetherald 
(1975,  1979)  estimating  a significant  temperature  increase  in  the  polar  regions,  recog- 
nizing though  that  their  speciHc  numerical  results,  like  the  specific  results  to  be  presented 
here,  must  be  accepted  with  some  caution.  The  highly  idealized  land-sea  geography  of 
Manabe  and  Wetherald  and  the  lack  of  realistic  ice-climate  feedback  mechanisms  certainly 
affect  their  results;  how  significantly  and  in  which  direction  remain  unknown.  Their 
calculations  piovide  at  least  a first -guess  estimate,  with  10  K and  7-8  K polar  surface 
temperature  increases.  Utilizing  their  qualitative  results  but  proceeding  conservatively,  m 
the  initial  experiment  below  we  insert  into  an  Arctic  sea  ice  model  a surface  air 
temperature  increase  of  5 K. 

The  numerical  model  used  in  the  current  study  is  described  brietlv  m the  following 
section  and  in  move  detail  by  Parkinson  and  Washington  (IdTq)  it  thermodynamic- 
dynamic  model  with  the  thermodynamics  based  largely  on  the  one-dimensional  calcu- 
lations of  Maykut  and  Untersteiner  (1969.  1971)  as  simplified  by  Semtner  (197(^)  and 
with  the  dynamics  based  on  the  five  major  stresses  acting  on  the  ice  pack.  The  object  of 
the  model  is  to  simulate  the  large-scale  geographical  growth  and  decay  of  sea  ice  over  a 
yearly  cycle.  It  accepts  both  atmospheric  and  oceanic  variables  as  given  and  does  not 
adjust  these  according  to  simulated  sea  ice  conditions.  Thus  in  this  study  we  examine 
simply  the  fust  order  effects  of  an  atmospheric  temperature  increase  on  the  sea  ice  and 
not  the  resultant  effects  of  the  change  of  ice  on  the  itmosphere  and  ocean.  In  the  future, 
when  ice,  atmosphere,  and  ocean  models  become  :ully  coupled,  it  will  be  possible  to 
perform  such  expenments  in  a totally  interactive  mode,  something  not  yet  possible 
(Kellogg.  1977. 1979). 

2.  Sea  Icc  Model 

The  sea  ice  model  used  to  perform  the  numerical  experunents  is  desenbed  in  detail  ur 
Parkinson  and  Washington  (1979)  Here  we  summanze  some  of  its  mote  important 
features.  The  calculations  are  carried  out  with  an  S-houi  tunestep  on  a rectangular  grid 
superimposed  over  a polar  stereographic  projection  (Figure  1).  The  grid  covers  *=- 
majority  of  the  northern  hemisphere’s  ice  covered  iKeans  and  lus  a horizontal  resolutK  . 
of  tou^y  190  km  in  both  x and  y directions.  \ corresponding  grid  is  used  for  the 
southern  hemisphere  (Parkinson  and  Washington,  19'‘0).  but  this  is  not  utilized  m the 
current  study. 

Vertically,  at  each  ocean  gnd  point  there  are  patential'iy  ■*  layeis  - ocean,  ice,  snow  , 
and  atmosphere.  There  is  also  a lead  parameterization,  so  that  each  gnd  square  has  a 
variable  percentage  of  its  area  assumed  to  he  ice-free  (Figure  2). 

The  principal  object  of  the  model  is  to  simulate  a reasonable  yearly  cycle  of  the 
thickness  and  extent  of  the  ice.  This  naturally  requires  calculations  of  ice  and  snow 
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Fi|.  1.  Hohzonul  jnd.  Doited  lines  trace  the  continental  boundaries  trom  standard  polar  stereo- 
graphic  projections.  Model  resolution  ot’  those  boundaries  is  indicated  in  solid  lines,  as  is  the  grid  itself, 

accretion  and/or  ablation,  calculations  which  are  here  based  on  energy  balances  at  the 
various  interfaces.  M the  upper  snow  surface  the  modeled  fluxes  ate  sensible  and  latent 
heat,  incoming  longwave  radiation,  incoming  shortwave  radiation,  and  emitted  longwave 
radiation  from  the  surface  to  the  atmosphere.  These  fluxes  are  balanced  with  the  only 
heat  ;lu.v  modeled  through  the  snow  - the  conductive  flux  - and  the  balance  is  used  to 
calcUate  the  change  in  surface  temperature.  Should  the  calculated  temperature  be  above 
free.'ing,  then  the  temperature  is  set  e.xactly  at  freezing  and  the  excess  thermal  energy  is 
useci  to  melt  a portion  of  the  surface  snow. 

\t  the  ice-snow  interface  the  energy  balance  simply  requires  the  conductive  heat  flux 
through  the  snow  to  equal  the  conductive  flux  through  the  ice.  Finally,  at  the  bottom  of 
the  ice,  the  downward  conductive  flux  and  a constant  oceanic  heat  flux  from  water  to  ice 
are  combined  to  deterrrune  the  appropriate  bottom  ablation  or  accretion.  This  latter 

ATMOSPHERE 


Fig.  2.  So.'iemanc  diagram  of  the  major  vertical  divisions  within  a gnd  square 
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calculation  proceeds  by  assuming  that  the  temperature  at  the  bottom  of  the  ice  remains 
continuously  at  the  freezing  point.  The  amount  of  ablation/accretion  is  calculated  so  that 
the  latent  heat  absorbed/released  balances  the  energy  excess/deflcit  from  the  other  two 
fluxes  at  the  interface. 

The  insertion  of  leads  within  the  ic:  pack  centers  on  a determination  of  the  net  energy 
input  into  or  out  of  the  lead.  In  the  event  of  a positive  net  input,  the  energy  is  used  to 
increase  water  temperature  and  laterally  melt  the  ice.  In  the  event  of  a negative  net  input, 
the  deficit  is  balanced  by  cooling  the  water,  and,  should  the  temperature  fall  below 
freezing,  then  by  laterally  accreting  new  ice  onto  the  existing  ice. 

The  movement  of  the  ice  is  determined  in  two  steps,  calculated  for  each  timestep  sequen- 
tially after  the  above  thermodynamic  calculations.  The  first  step  computes  ice  velocities 
through  requiring  a steady  state  balance  between  four  forces  - the  wind  stress  from 
above  the  ice,  the  water  stress  from  below  the  ice.  the  Coriolis  force  due  to  the  rotation 
of  the  earth,  and  the  force  due  to  the  dynamic  topography  or  the  tilt  of  the  sea  surface. 
The  second  step  alters  a portion  of  the  steady  state  velocities  by  proportionately  reducing 
all  velocity  vectors  entering  grid  squares  with  greater  than  99.5%  ice  coverage.  In  this 
manner  the  model  simulates  the  last  of  the  five  major  forces  acting  on  the  ice  - internal 
ice  resistance  - and  it  specifies  a minimum  of  0.5%  leads  for  all  grid  squares.  Further- 
more, at  coastal  regions,  velocity  components  toward  the  coast  from  adjacent  grid  squares 
are  set  to  zero,  thereby  preventing  the  disappearance  of  the  ice  from  the  active  region  of 
the  grid.  This  is  a brute-force  method  of  accounting  for  internal  ice  resistance  and  fails  to 
allow  floe  interactions  to  produce  momentum  increases  as  well  as  decreases.  Hence  the 
dynamical  effects  are  somewhat  underestimated,  perliaps  accounting  for  the  finding  by 
Parkinson  and  Washington  (1979)  that  the  ice  dynamics  had  only  a secondary  effect  on 
the  extent  and  thickness  of  the  ice.  For  more  elaborate  treatments  of  ice  dynamics  the 
reader  is  referred  to  Hibler  (1979)  and  to  Coon  et  al.  (1974). 

3.  Model  Experiments  with  Increased  Temperatures 

Among  the  input  data  to  the  basic  model  are  mean  monthly  atmospheric  temperatures  at 
each  grid  point.  These  temperature  data  are  required  for  calculating  the  fluxes  of  sensib.. 
heat  and  incoming  longwave  radiation  for  the  energy  balance  at  t.he  upper  earth  surface, 
whether  the  surface  cover  is  snow,  ice.  or  water.  The  data  are  obtained  from  the 
long-term  mean  monthly  distributions  presented  by  Crutcher  and  Meserve  (1970).  Simi- 
larly, the  same  source  is  used  for  mean  monthly  dew  point  temperatures  and  for  mean 
monthly  geostrophic  winds,  both  of  which  remain  unchanged  for  the  following  set  of 
experiments. 

Use  of  the  Crutcher  and  Meserve  data  fields  has  resulted  in  a fairly  realistic  yearly 
cycle  of  sea  ice  growth  and  decay  (Figure  3).  The  yearly  cycle  has  reached  an  approxi- 
mate equilibnum  state  by  year  5 of  the  iunulation,  with  the  simulated  ice  varying  m 
extent  from  a minimum  in  September  to  a maximum  m Match.  In  September,  the  ice 
covets  only  a portion  of  the  .Arctic  and  has  receded  from  most  coastlines,  with  ice 
thicknesses  reaching  3.0  m in  the  center  of  tne  pack.  At  the  Match  maximum,  ice  extent 
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Fi(.  3.  Simulated  yearly  cycle  ol'  sea  ice  m the  Standard  Case,  based  on  current  climate.  Conioun 
show  ice  thickness  in  meters,  while  shadini  indicates  ice  compacmess  above  90^. 


his  greatly  increased,  reaching  Iceland,  well  mtc  the  Bering  Sea,  and  beyond  the  southern 
coast  of  Greenland.  Central  Arctic  thicknesses  ui  winter  reach  3.6  m,  and  ice  concen- 
trations exceed  97%  for  the  entire  Arctic  basin.  The  model  results  regarding  ice  extent 
and  concentration  can  be  compared  to  modem  satellite  observations,  e.g.  those  presented 
in  Gloersen  etal.  ( 1978). 


Afviic  Sta  let  Decay  Simulattd  fora  CO^-induced  Temperature  Rise 

The  initial  model  run  wch  current  climatic  conditions  will  hereafter  be  referred  to  as 
the  Standard  Case.  It  is  ch^  same  Standard  Case  as  appears  in  Parkinson  and  Washington 
(1979),  where  a fuller  discussion  can  be  found  regarding  the  results. 

3.1.  Experiment  1 

The  first  experiment  with  altered  atmospheric  conditions  simply  increases  ail  air  temper- 
atures by  S K,  half  the  annual  average  temperature  increase  predicted  by  Manabe  and 
Wetherald  (1975)  for  80  under  a doubled  COj  concentration.  Operationally,  at  each 
grid  point  the  12  specified  mean  monthly  temperatures  are  now  S K greater  than  the 
Crutcher  and  Meserve  (1970)  values  used  above. 

As  expected,  the  effect  on  the  ice  of  an  increase  in  atmospheric  temperatures  is  a 
decrease  in  both  thickness  and  extent  (Figure  4).  Performing  the  experiment,  however, 
quantifies  the  qualitative  expectations.  By  year  3 of  the  model  simulation  the  thickest 
January  ice  is  just  under  1 m and  the  thickest  July  ice  is  on  the  order  of  0.3  m.  The  ice 
totally  disappears  in  August  of  the  third  year,  though  it  did  not  do  so  in  either  of  the  two 
previous  years.  It  reappears  in  October  and,  interestingly,  by  January  of  year  4 has 
become  slightly  thicker  than  in  January  of  year  3.  The  July  results  also  show  a thickening 
of  the  ice  between  years  3 and  4,  as  reflected  m the  further  outward  extension  of  the 
0.3  m thickness  contour.  Ice  concentrations  too  have  increased  somewhat  between  years 
3 and  4,  after  having  decreased  strongly  from  year  1 and  apparently  slightly  ‘overshoot- 
ing’. The  simulation  appears  to  be  near  an  equilibrium  then,  as  the  results  for  years  4 and 
5 are  nearly  identical.  (In  contrast  to  some  interesting  one-dimensional  thermodynamic 
results  of  Semtnar  (1976),  there  is  no  multi-year  cycle  produced  in  the  current  study.)  In 
each  of  years  3-5  there  is  an  ice-free  Arctic  durmg  August  and  September,  with  the  ice 
cover  reestablishing  itself  for  the  remainder  of  the  year. 

Gearly  the  5 K increase  in  atmospheric  temperatures  has  caused  a significant  reduction 
in  simulated  ice  thicknesses  and  extents  (Figure  3 versus  Figure  4).  Although  the 
calculated  ice  boundaries  and  thicknesses  are  not  predictions,  this  simplified  experiment 
strongly  suggests  that  an  increase  in  atmosphenc  temperatures  of  5 K drastically  reduces 
the  Arctic  ice  cover. 


Fi|.  a Jamury  anC  July  ice  thickneues  umuiaied  m E.xperimem  1.  Contours  show  thickness  a 
meters,  while  shediny  indicates  ice  compactness  above  90°i. 
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3.2.  Experimeni  2 

Of  course,  in  the  real  world  one  would  expect  that  a temperature  increase  from  increased 
carbon  dioxide  would  be  accompanied  by  other  atmospheric,  oceanic,  and  cryospheric 
alterations.  However,  the  real  world  has  proven  so  complex  that  hypotheses  regarding  the 
various  interactive  effects  which  would  accompany  a temperature  increase  must  all 
remain  mere  educated  guesses,  though  some  are  more  firmly  based  than  others.  (Some- 
day, it  is  hoped,  fully  interactive  atmosphere-ocean-ice  models  will  be  developed,  but 
none  exists  today.)  It  is  for  that  reason  that  in  Experiment  1 we  altered  only  the  surface 
air  temperature,  thereby  eliminating  ambiguity  and  isolating  the  precise  cause  of  the 
simulated  sea  ice  reductions.  To  attempt  more  rnlism,  however,  we  have  tried  a sequence 
of  additional  experiments  where  atmospheric  temperature  increases  are  accompanied  by 
additional  changes  in  the  Liput  parameters.  We  will  describe  two  such  related  experi- 
ments, labelled  Experiments  2 and  3. 

In  Experiment  2 the  temperature  increase  is  greater  than  the  S K increase  in  Experi- 
ment 1,  but  it  remains  conservative  compared  to  Manabe  and  Wetherald's  predicted  10  K 
increase  at  80  *N.  Furthermore,  the  increase  varies  seasonally,  following  the  contention 
of  Budyko  (1974)  that  the  atmospheric  temperature  response  from  an  increased  CO] 
concentration  should  be  larger  in  winter  than  in  summer.  This  seasonal  contrast  seems 
fairly  consistent  with  the  calculations  of  Ramanathan  etal.  (1979)  when  the  expected 
contrast  in  low  cloudiness  between  winter  and  summer  is  taken  into  account.  (Since  the 
Manabe  and  Wetherald  model  is  seasonally  averaged,  it  cannot  provide  information  on  the 
relative  temperature  response  in  winter  venus  summer.)  In  Experiment  2,  we  insert  a 
seasonal  dependence  into  the  atmospheric  temperature  increases,  in  accordance  with  the 
speculated  larger  temperature  response  in  winter.  The  specified  increases  over  those  of 
Crutcher  and  Meserve  range  from  6 K in  July  and  August  to  9 K in  January  and  February 
(Table  I). 

As  the  increased  temperatuie  suggests  a larger  amount  of  available  thermal  energy  at 
the  surface,  and  as  Experiment.  1 has  already  demonstrated  that  the  simulated  ice  cover  is 
dramatically  reduced  under  a S K temperature  increase,  it  is  assumed  that  the  temper- 
ature increase  will  be  accompanied  by  greater  evaporation  from  the  ocean  surface  and 
hence  an  increased  cloud  amount  m all  seasons.  Cloud  cover  enters  the  model  calculations 
both  in  detemunmg  incommg  solar  radiation,  where  the  cloud  reduces  the  magnitude  of  the 
flux  reaching  the  surface  during  the  daylight  hours,  and  in  the  calculation  of  incoming 
longwave  radiation,  where  the  cloud  increases  the  flux  due  to  the  radiative  properties  of 


TABLE  I:  Specified  increase  in  atmospheric  tempcraturei  over  the  mean 
monthly  space-dependent  values  used  in  the  Standard  Cate.  Units  arc  de|rect 
Kelvin. 
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TABLE  II:  Sp«cit1*d  percent  cloud  cover. 
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the  cloud  droplets.  In  the  Standard  Case  the  ice  model  employs  spatially -Independent 
cloud  percentages  averaged  from  the  curves  of  Huschke  (1969)  for  four  Arctic  regions. 
These  values  range  from  a 50%  cloud  cover  in  winter  to  an  80%  cloud  cover  in  August  and 
September  (Table  II).  In  Experiment  2 we  increase  the  prescribed  cloud  amounts  to 
account  for  the  presumed  increased  evaporation  from  the  greater  areal  extent  of  open 
water.  The  cloud  percenuges  used  m Experiment  2 are  listed  in  Table  II. 

Results  from  Experiment  2 are  presented  in  Figure  S.  The  ice  disappears  in  August, 
September,  and  October,  while  the  maximum  thickness  occurs  in  April  with  1.7-m-thick 
ice  in  portions  of  the  Central  Arctic.  In  fact,  even  as  late  as  mid  June  there  remains  ice  of 
thickness  exceeding  1 .3  m,  leaving  the  predominant  thickness  decrease  to  occur  between 
mid  June  and  mid  July,  during  which  period  maximum  thicknesses  drop  from  1.3  m to 
just  over  0.3  m (Figure  5).  In  Experiment  1.  also,  maximum  thicknesses  of  1.7  m occur  in 
April  and  the  bulk  of  the  thickness  decrease  takes  place  between  mid  June  and  mid  July, 
with  maximum  thicknesses  decreasing  from  1.6  m to  0.4  m.  By  comparing  both  Experi- 
ments 1 and  2 with  the  Standard  Case  it  can  be  seen  that  the  specified  changes  of 
temperature  and  cloud  cover  dramatically  reduce  the  extent  of  the  ice  in  summer  but  in 
winter  reduce  the  extent  far  less  significantly  than  the  thickness.  (Himatologically  it  is 
presumably  the  extent,  not  the  thickness,  which  has  the  greatest  feedback  effects. 

3.3.  Experiment  3 

The  tinal  change  we  have  included  is  an  increase  in  the  ocean  heat  flux.  It  is  this  ocean 
heat  flux  from  the  water  to  the  undersurface  of  the  ice  v.luch  combines  with  the 
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conductive  flux  through  the  ice  to  determine  the  amount  of  bottom  ablation  or  accre- 
tion. The  Standard  Case  uses  an  ocean  heat  flux  of  2 W m after  the  work  of  Maykut  and 
Untersteiner(1971). 

We  hypothesize  an  increased  ocean  heat  flux  in  the  event  of  a major  lecession  of  the 
ice  pack  for  the  following  reasons:  the  current  flux  is  small  largely  because  of  the  salinity 
suatificatior  in  the  upper  SO  m of  the  water,  which  produces  a stable  upper  layer 
(Aagaard  and  Coachman,  197S).  In  the  event  of  a significant  increase  in  the  areal  extent 
of  open  water  in  the  Arctic,  there  would  be  mechanical  mixing  due  to  wave  action  and 
quite  pouibly  the  halocline  would  be  reduced  or  eliminated.  Thus  m Experiment  3 we 
have  increased  the  upward  heat  flux  to  account  for  the  likelihood  of  changed  oceanic 
conditions.  The  other  elements  of  the  model  arc  the  same  as  in  Experiment  2. 

One  purpose  of  this  additional  experiment  was  to  see  if  in  this  case  the  model  would 
respond  to  a total  disappearance  of  ice  in  rmd  summer  by  not  allowing  ice  to  reform  in 
winter.  Although  the  oceanic  heat  flux  was  increased  by  over  an  order  of  magnitude, 
from  2 to  25  W m**,  winter  ice  did  still  form  and  sustain  itself  throughout  the  si.son. 
The  higher  flux  value,  incidentally,  is  comparable  to  the  present  estimated  oceanic  heat 
flux  in  tht  Southern  Ocean  (Parkinson  and  Washington,  1979).  where  ice  forms  abund- 
antly in  winter,  so  our  result  was  not  entirely  unexpected.  However,  the  increased  flux 
naturally  tends  to  increase  bottom  ablation,  resulting  in  lowered  ice  thicknesses  and 
lessened  ice  extent. 

Comparing  the  results  of  E.\periment  3 to  those  of  Exp-  riment  2,  the  difference  u .t 
extents  is  most  apparent  in  the  rapidity  of  the  retreat  of  the  ice  with  the  oncoming  of 
summer.  The  May  ice  extents  are  decidedly  less  in  Experiment  3,  especially  in  the  area  of 
the  Bering  Straits,  and  the  June  e.\tents  are  much  more  so.  By  mid  July  the  ice  has 
disappeared  in  Experiment  3,  whereas  it  remains  until  August  in  Experiment  In  both 
cases  ice  reappears  by  mid  November.  Ice  thicknesses  in  winter  tend  to  be  lower  by  about 
30—50%  in  the  fkal  experiment,  as  a result  of  the  additional  oceanic  heat  flux. 

It  was  mentioned  above  that  Budyko  (1966,  1974)  hypothesized  that  once  the  ice 
pack  had  disappeared  from  the  Arctic  Ocean  it  would  not  reappear  in  winter,  and  the 
SMIC  Report  (1971)  (p.l60)  considers  that  this  is  at  hast  a possibility.  The  present 
model  allows  ice  to  form  as  soon  as  a negative  surface  energy  balance  reduces  the  water 


Ft|.  6.  January  and  June  ice  thicknesies  simulated  m E.xpenment  3.  There  is  no  tee  simulated  in 
July. 
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temperature  to  271.2  K.  This  occurs  by  mid  November  in  Experiment  3 in  spite  of  the 
increased  air  temperatures  and  the  greater  tende.icy  fo'  ice  ablation  due  to  the  Urge 
upward  transport  of  heat  from  the  ocean.  The  sinulated  return  of  the  ice  depends 
strongly  on  the  atmospheric  temperature  anumptions,  but  since  ice  forms  and  thickens  in 
the  model  in  response  to  energy  baUners  and  not  strictly  temperatures,  this  dependence 
is  more  complicated  than  a simple  one-to-one  correspondence.  Both  the  wintertime 
equatorward  expansion  of  the  ice  extent  and  the  summertime  poleward  decay  tend  to  lag 
the  movement  of  th'  'Atmospheric  freezing  line.  This  is  true  both  in  the  model  and  in  the 
real  world. 

Of  course  there  are  many  physical  factors  involved  in  the  initial  formation  of  a Uyer  of 
ice  in  mid  ocean,  .actors  not  presently  being  modeled,  including  'he  effects  of  waves,  the 
stability  of  the  upper  ocean  Uyers  as  the  freezing  point  is  apjioached,  the  salinity 
distribution,  and  the  critical  size  of  a 'freezing  nucleus'  of  pack  ice  required  to  permit 
new  ice  to  form  at  its  edges.  Furthermore,  once  the  retreat  of  the  ice  begins,  in  reality 
there  would  be  both  positive  and  negative  feedbacks  interacting  among  ice,  ocean  and 
atmosphere.  For  instance,  the  replacement  of  an  ■.•<  cover  open  water  imme-^iately 
decreases  surface  albedo  and  presumably  thereby  ivnher  increases  surface  air  temper- 
atures. However,  the  wider  exp,jise  of  open  water  also  suggests  greater  evaporation  and 
snowfall,  thereby  feeding  back  negatively  with  increased  albedos  over  the  ice  and 
su  .ounding  Und  areas.  Some  future  model  may  take  all  these  various  factors  into 
account,  thus  permitting  much  f.rmer  conclusions  than  can  be  drawn  here. 


4.  Olscussion 

The  present  study  adds  to  the  accumulatmg  body  of  literature  on  the  potentui  changes  in 
the  polar  regions  due  to  a further  increase  of  atmospheric  carbon  dioxide  and  a 
consequent  global  warming.  Mercer  (1978)  ominously  forewarns  of  a West  Antarctic 
deglaciation  induced  by  the  temperature  increase  and  mdicates  that  deglaciation  could 
well  'legin  within  50  ye'us  and  proceed  rapidly,  eventually  causing  a rise  in  global  sea 
levels  of  about  5 tn,  thus  drowning  many  coastal  cities.  Our  results  are  less  dramatic,  as 
the  melted  Arctic  sea  ice  would  not  cause  a change  m sea  level.  However,  the  meltmg  of 
the  Arctic  ice  would  replace  the  highly  leflecting  ice  pack  with  a dark  ocean  surface,  thus 
causing  a substantial  increase  in  solar  energy  absorption  during  the  spring,  summer,  and 
ul!.  As  suggested  earlier,  this  would  feed  back  to  the  atmosphere  a further  temperaf.  re 
increase,  thereby  magr.ifi'ing  the  initial  perturbation.  Another  consequence  of  the  open 
jVrctic  would  be  an  increase  in  evaporation  from  the  surface  and  hence  an  increase  in 
precipiution  over  both  the  ocean  itself  and  the  adjacent  land  areas. 

While  Its  occurrence  is  highly  unlikely  in  the  next  century,  there  have  been  rapid 
cooling  episodes  m the  past  (Flohn.  1974,  1975)  due  to  natural  causes,  and  if  such  a 
cooling  were  to  take  place,  it  should  produce  effects  that  are  the  reverse  of  those  for  a 
warming.  Hence  we  should  then  obtain  an  increase  in  the  extent  of  Arctic  sea  ic’-  a 
resulting  mersase  in  surface  albedos  and  decrease  in  absorbed  >oiar  radiation,  and 
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consequently  a further  temperature  reduction  and  perhaps  even  a northern  hemisphere 
glaciation  or  ‘ice  age'. 

At  this  moment,  ice  age  theories  are  numerous  and  somewhat  contradictory , but  many 
do  include  the  effect  of  the  A.rctic  ic^  cover  in  a prominent  position.  For  instance,  Ewing 
and  Donr  <’1956)  hypothesize  that  an  ice>free  Arctic  would  lead  to  an  ice  age  due  to  the 
increased  evaporation  and  snowfall.  However,  evidence  tends  to  discount  the  existence  of 
ice-free  Arctic  conditions  at  any  time  during  the  past  million  years  or  mote  (Hunkins 
era/.,  1971),  a period  during  which  glacial  and  interglacial  periods  have  alternated 
repeatedly.  Most  theorists  assume  that  during  major  glaciations  the  sea  ice  was  more 
extensive  than  it  is  now.  Among  the  most  recent  theories  in  which  an  extended  sea  ice 
cover  could  contribute  significantly  to  precipitating  ice  age  conditions  is  that  of  Beaty 
(1978).  In  Beaty’s  synthetic  model,  the  primary  requirement  for  initiuion  of  glaciation  is 
the  existence  of  continents  in  high  latitudes,  and  the  triggering  factor  for  a glacial  episode 
IS  an  increased  surface  albedo. 

The  essential  point  to  be  made  in  the  context  of  this  article  is  that  man’s  continued 
insertion  of  carbon  dioxide  into  the  atmosphere  could  cause  dramatic  climatic  conse- 
quences worldwide  and  that  the  polar  regions  would  respond  in  special  ways.  Neither  our 
numerical  models  nor  our  general  understanding  are  sufficiently  sophisticated  to  provide 
total  confidence  that  the  polar  regions  of  the  real  world  would  respond  in  the  manner 
that  any  model  predicts.  No  model  yet  incorporates  the  full  range  of  potential  influences 
and  feedbacks  which  the  polar  regions  contain  (e.g.,  Kellogg.  1975),  though  eventually 
our  models  should  improve  and  our  confidence  in  them  increase.  In  the  meantime, 
however  imperfect,  the  current  models  do  suggest  some  grave  consequences,  and  mankind 
would  do  well  to  proceed  with  caution  where  possible  manipulation  of  .he  world’s 
mate  is  at  stake 
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Work  at  th«  National  Center  for  Aimoepheric  Research  has  resulted  in  the  construction  of  a large-scale 
rea  ice  tr.odcl  capable  of  coupling  with  atmospheric  and  oceanic  models  of  comparable  resolution.  The  sea 
ice  model  iuelf  simulates  the  yearly  cycle  of  ice  in  both  the  northern  and  the  southern  hemispheres. 
Horizontally,  the  resolution  is  approaimstely  200  km,  while  vertically  the  model  includes  four  layers,  ice. 
snow,  ocean,  and  atmosphere.  Both  therm^ynamic  and  dynamic  processes  are  incorporated,  the  ther- 
modynamics being  based  on  energy  balances  at  the  various  interfaces  and  the  dynamics  being  based  on 
tbe  following  five  stresses:  wind  stress,  water  stress,  Coriolis  force,  internal  ice  resistance,  and  the  stress 
from  the  tilt  of  the  sea  surface.  Although  the  ice  within  a given  grid  square  is  of  uniform  thickness,  each 
square  also  hu  a variable  percentage  of  its  area  assumed  ice  free.  The  model  results  produce  a reasonable 
yearly  cycle  of  sea  ice  thickness  and  eatent  in  both  the  Arctic  and  the  Antarctic.  The  arctic  ice  grows  from 
a minimum  in  September,  when  the  edge  has  retreated  from  most  coastlines,  to  a maximum  in  March, 
when  the  ice  has  reached  weii  into  the  B«u:g  Sea,  has  blocked  the  north  coast  of  Iceland,  and  has  moved 
southward  of  the  sa,’.irhemmott  tin  nf  Gmr!ja.'d.  .Ma.ximum  arctic  thicknesies  are  close  to  4 m.  in  the 
Antarctic  the  ice  expands  from  a minimum  m March  to  a maximum  in  late  August,  remaining  close  to  the 
continent  in  the  former  month  and  extending  northward  of  60*S  in  the  latter  month.  Maximum 
thicknessa  are  about  1.4  m.  The  disuibution  of  modeled  ice  concentrations  correctly  reveals  a more 
compact  ice  cover  in  the  northern  hemisphere  than  in  the  southern  hemisphere.  .Modeled  ice  velocities 
obtain  both  the  Beaufort  Sea  gyre  and  the  Transpolar  Onft  Stream  in  the  arctic  summer  as  well  as  the 
Transpolar  and  East  Greenland  Drift  streams  in  the  winter.  In  the  Antarctic,  simulated  veioctties  reveal 


predominantly  westerly  motion  north  of  J8*S,  with 

1.  Introduction 

Large-scale  numerical  models  of  the  atmosphere  and  of  the 
oceans  have  both  reached  the  suge  where  a coupling  of  the 
two  is  among  the  major  steps  now  needed  to  improve  the 
ability  Of  the  models  to  reproduce  atmospheric  and  cceanic 
phenomena.  As  the  models  become  coupled,  it  is  imperative 
that  the  interface  be  given  adequate  consideration.  Sea  ice  is 
one  element  of  this  interface  which  should  not  be  neglected, 
for  (1)  it  covers  roughly  7%  of  the  earth's  oceans;  (2)  its  extent 
shows  large  seasonal  and  interannual  variations:  (3)  it  has  a 
strong  insulation  eflect,  restricting  exchanges  of  heat  and  mo- 
mentum between  ocean  and  atmosphere;  and  (4)  its  high  al- 
bedo relative  to  that  of  water  significantly  reduces  the  amount 
of  shortwave  radiaove  energy  available  near  the  ocean  surface 
in  the  polar  regions. 

This  article  describes  a large-scale  numerical  model  of  sea 
ice  which  should  be  capable  of  coupling  with  atmospheric  and 
oceanic  models.  The  horizontal  resolution  is  roughly  200  km. 
and  both  thermodynamic  and  dynamic  processes  are  incorpo- 
rated. Emphasis  is  on  reproducing  the  large-scale  features  of 
the  annual  cycle  of  sea  ice  coverage  in  the  northern  and  south- 
ern hemispheres. 

2.  Previous  Ice  Modeung 

Previous  ice  modeling  can  be  divided  into  two  categories: 
thermodynamics  and  dynamics.  The  thermodynamic  calcu- 
lations of  the  present  study  are  patterned  after  those  by  in- 
timeintr  (I9Mj,  Maykui  and  Unttrsttintr  [1969,  1971],  and 
Semtner  [ 1976a).  Each  of  these  earlier  studies  is  one  dimen- 
sional m space,  and  each  specifies  rather  than  computes  atmo- 
sphenc  energy  fluxes.  None  of  the  models  is  applied  to  the 
Antarctic,  and  none  includes  ice  transport. 
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smaller-scale  cyclonic  motions  closer  to  the  continent. 

Maykut  and  Unttrsttintr  [1969,  1971]  construct  an  elaborate 
one-dimensional  thermodynamic  model  of  sea  ice,  computing 
the  time-dependent  ice  thickness  and  vertical  ice  temperature 
profile  based  on  diffusion  equations  with  finite  difference  ap- 
proximations involving  a grid  interval  of  0.10  m.  They  include 
the  effects  of  ice  salinity,  brine  pockets  trapped  within  the  ice, 
heating  from  penetrating  shortwave  radiation,  vertical  varia- 
tions in  ice  density,  conductivity,  and  specific  heat.  Theirs  is 
the  most  complete  one-dimensional  ice  model  devised  so  far; 
however,  the  model  takes  38  simulation  years  to  reach  equilib- 
rium, and  this  inhibits  its  extension  to  a three-dimensional 
framework. 

Seminer  [1976a]  simplifies  the  Maykut  and  Untersteiner 
model,  making  it  more  appropriate  for  three-dimensional  sim- 
ulations. He  does  this  largely  through  a reduction  in  the  num- 
ber of  vertical  layers,  a c '•-Be  in  the  differencing  scheme,  the 
elimination  of  a heat  so  'rm  in  the  diffusion  equation, 
and  the  use  of  constants  than  variables  for  the  specific 
heats  and  conductivities  of ; jnd  snow.  The  Semtner  equa- 
tions are  formulated  for/i  temperature  levels  within  the  ice  and 
snow,  though  his  article  stresses  the  performance  of  the  three- 
layer  and  zero-layer  versions.  Since  he  uses  atmospheric  and 
oceanic  forcing  identical  to  that  of  Maykut  and  Untersteiner. 
Semtner  can  compare  the  mean  annual  ice  thicknesses  from  his 
models  against  the  thicknesses  predicted  m the  earlier,  more 
complete  work.  Doing  so  for  IS  separate  cases,  he  finds  an 
average  deviation  of  onlv  0.22  m for  the  three-layer  version 
and  0.24  m for  the  zero-layer  version.  It  is  basically  the  Sem- 
tiier  zero-layer  model  which  has  been  followed  m the  present 
worit  for  the  calculations  internal  to  the  ice  and  snow. 

Closer  to  the  present  model  in  spatial  extent.  Pease's  [1975] 
model  simulates  antarctic  ice  along  longitude  I55°E  from  ^0° 
to  ^8*S.  Although  sull  not  spatially  three  dimensional,  this 
model  can  comput,  the  advance  and  retreat  of  ice  along  the 
I5S°E  mendian.  thus  giving  it  a capability  not  available  with 
the  one-dimensional  models  by  Maykui  and  Untersteiner 
’ 9,  1971]  or  Semtner  [1976a].  Funhermore,  Pease  com- 

putes rather  than  specifies  atmosphenc  fluxes,  and  she  tesu  the 
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Table  I.  Fokc*  IimIuiM  for  Um  Truupon  Calculatiom  of  Prtvioui  Models 


Wind 

Stress 

Water 

Stress 

Coriolis 

Force 

Internal  Ice 
Resisunce 

Dynamic 

Topography 

AfensfR  [1902] 

ye* 

ye* 

y«* 

no 

no 

5eeednv[1928] 

yes 

fiO 

y«* 

ye* 

no 

Rouby  and  Montgomery 
(1935) 

yes 

ye* 

no 

no 

no 

Rotsby  and  Montgomery 
(1935) 

yes 

y** 

y«* 

yes 

no 

Rottbyand  Montgomery 
[1935] 

ye* 

no 

ye* 

ye* 

no 

5WettMCI938] 

ye* 

ye* 

y«* 

no 

no 

FeUeebatim  [19SS] 

yes 

y*» 

ye* 

no 

ye* 

Xiothi{1959| 

ye* 

y«* 

yes 

yes 

no 

Retd  and  Can^beil 
[I960, 1962] 

ye* 

ye* 

ye* 

no 

no 

CamfbeU  (1964) 

ye* 

ye* 

ye* 

ye* 

yes 

Hmktm  (1966,  1974] 

yes 

y«* 

ye* 

ye* 

ye* 

Rothrodt  [1973] 

ye* 

yes 

ye* 

ye* 

ye* 

CMweief.  [1976] 

ye* 

ye* 

y«* 

ye* 

no 

PrUehardetal.  [1976] 

ye* 

y*s 

ye* 

yes 

yes 

1977] 

yes 

yes 

ye* 

ye* 

ye* 

Ejtundod  from  CamfbtU  [1961], 


effects  of  three  psrameterizations  of  the  oceanic  mixed  layer. 
Another  two-dimensional  model  including  sea  ice  is  that  of 
MacCracktn  and  Luthtr  [1974],  This  is  a zonal  atmospheric 
model  that  introduces  sea  ice  of  0.2  m when  the  ocean  temper- 
ature drops  below  freezing  and  calculates  the  one-dimensional 
horizontal  extent  of  the  ice,  as  well  as  iu  thickness,  through 
energy  balances.  The  ice,  ocean,  and  land  parameterizations 
are  used  to  determine  vertical  processes  at  the  lower  boundary 
of  the  atmospheric  model. 

An  attempt  at  a three-dimensional  ice  simulation  is  included 
in  the  work  of  Brytm  *t  al  [1975]  and  Manab*  er  al.  (1975J. 
They  compute  an  ice  distribution  within  a global  ocean/atmo- 
sphere climate  simulation,  stressing  long-term  results  and  us- 
ing mean  annual  insolation  rather  than  seasonally  varying 
forcing.  Although  they  include  transport  of  the  ice,  the  ice 
moves  strictly  with  the  water  of  the  upper  ocecn  unless  its 
thickness  equals  or  exceeds  4 ra,  in  which  case  tfiu  ice  move- 
ment stops  altogether.  The  resulting  calculations  lead  to  an 
unresuonable  buildup  of  arctic  ice  with  time,  the  average  and 
maximum  thicknesses  steadily  increasing,  with  values  of  5.32 


and  24.7  m,  respectively,  in  year  200  of  the  simulation  {Met- 
nabe  el  al.,  1975]. 

Additional  discussions  of  ice  transport  include  a wide  range 
of  formulations.  Certainly  the  simplest  are  those  relating  the 
speed  and  direction  of  the  ice  strictly  to  the  speed  and  direction 
of  the  water,  as  in  the  work  of  Manabe  et  al.  [1975],  or  strictly 
to  the  speed  and  direction  of  the  boundary  layer  wind,  as  in 
Zubov’s  rule  [e.g.,  Gardienko,  1958]. 

Most  other  formulations  of  ice  transport  calculate  the  ice 
velocity  by  considering  a balance  of  forces  acting  on  the  ice 
and  by  assuming  a steady  sute  solution.  It  appears  widely 
agreed  that  the  relevant  forces  are  wind  stress,  water  stress, 
Coriolis  force,  stress  from  the  tilt  of  the  sea  surface  (dynamic 
topography),  and  the  force  from  interactions  within  and 
among  floes  (internal  ice  resistance).  However,  disagreement 
exists  regarding  :h;  relative  magnitude  these,  with  the  result 
that  diflerent  researchers  have  included  dilTerent  combinations 
in  their  flnal  balance.  A summary  of  the  forces  used  by  various 
authors  appears  in  Table  1.  Similarly,  different  researchers  use 
dilTerent  parameterizations  for  the  forces  included. 
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Fig.  I . Arctic  tnd  antarctic  grids.  Dotted  lines  trace  the  conunemal  boundanas  from  standard  polar  stareographic 
projecuons.  Model  resolution  of  those  boundaries  is  indicated  in  solid  lin«.  u arc  the  grids  themselves  The  south  pole  is  at 
the  center  of  the  41  x 4|  antarctic  gnd.  while  the  north  pole  is  at  posiuon  (IS,  16)  of  the  38  x ^6  areuc  gnd. 
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Fig.  t Sclwmaiic  dUfratn  of  Um  major  divUioni  within  a gnc 
•quart. 

One  of  the  studies  giving  the  most  thorough  discussion  of 
the  selection  of  parameterizations  and  subsequent  combina* 
tion  of  them  for  a mathematical  solution  to  the  ice  velocity  is 
by  CampMI  [1964],  Although  his  solution  is  not  seasondly 
dependent,  Campbell  dees  obtain  a steady  state  ice  velocity 
field  for  the  majonty  of  the  Arctic  Ocean,  and  he  does,  upon 


TEMPERATURE  (K) 


U COMPONENT  OF  GEOSTROPHIC  WIND  (m  i') 


increasing  the  eddy  viscosity  of  ice  to  3 X 10*  m'  s~ position  a 
Pacific  gyre  approximately  in  its  observed  location. 

However,  in  spite  of  its  importance,  the  selection  of  forces 
and  the  calculation  of  resultant  velocities  are  Only  one  aspect 
of  the  transport  probleni  By  not  redistributing  the  ice  accord* 
ing  to  the  velocities  obtain^,  the  Campbell  study  and  others 
in  Table  I avoid  the  additional  difficulties  posed  by  excessive 
convergence  and  divergence.  Two  studies  facing  these  diffi- 
culties in  a limited  fashion  are  those  of  Nikiforov  tt  al.  [1970] 
and  J.  Walsh  (personal  communicauon,  1976).  Both  examine 
ice  convergence  as  encountered  by  a coastal  boundary,  and 
both  are  concerned  with  ice  concentrations  only,  not  thick- 
nesses. 

In  the  studies  by  Nikiforov  et  al.  and  Walsh,  thermodynam- 
ics is  excluded,  and  ice  velocities  are  determined  strictly  from 
maps  of  the  observed  atmospheric  pressure  fields.  They  deal 
with  excessive  ice  convergence  near  the  coast  by  zeroing  out 
onshore  velocity  components  wherever  the  intervening  region 
to  the  coast  is  covered  by  ice  of  100%  compactness.  Beyond  the 


OEW  POINT  (K) 


V COS4PONENT  t>f  GEOSTROPHIC  WIND  (m  s‘) 


Fig.  ).  January  atmoaphanc  input  data  for  tha  Arcuc. 


cotsul  region,  compactness  n is  altered  through  convergence/ 
divergence  and  advection.  The  Nikiforov  et  al.  simulation  is 
for  the  region  of  the  East  Siberian,  Laptev,  and  Chukchi  seas, 
while  the  Walsh  simulation  is  for  the  ponion  of  the  Arctic 
bounded  by  60*W,  120*E,  85.S*N,  and  the  North  American 
and  Siberian  coasts. 

A more  detailed  ice  model  has  been  developed  in  connection 
with  the  Arctic  Ice  Dynamics  Joint  Experiment  (Aidjex)  and 
contains  three  major  parts;  a thickness  distribution  model,  a 
momentum  equation  for  ice  motions,  and  a stress/ strain  law. 
The  thickness  distribution  model  is  based  on  a thickness  distri* 
bution  function  G{H,  (),  which  is  the  fractional  area  with  ice 
thinner  than  H at  time  r.  The  momentum  equation  includes  all 
five  major  forces  mentioned  earlier  plus  an  acceleration  term. 
(The  four  references  preceding  HMtr  [1977]  in  Table  1 are 
part  of  Aidjex.)  The  stress/strain  relationships  are  modeled 
according  to  an  elastic-plastic  formulation  [e.g.,  Coon  tt  al.. 
1974;  Pritchard.  1975,  1976;  Hall  et  ii.  1976]. 

The  complete  Aidjex  model  is  considerablv  more  detailed 
than  the  model  of  the  present  study;  however,  the  time  and 
space  scales  for  which  it  has  been  tested  arc  much  smaller,  and 
its  complexity  makes  it  impractical  for  use  with  global  atmo- 
spheric or  oceanic  models.  The  application  of  the  Aidjex  work 
centers  on  roughly  one  twentieth  of  the  Arctic  Basin,  located 
in  the  Beaufort  Sea.  and  the  time  scale  of  interest  is  of  the 
order  of  1 day.  By  contrast,  the  present  study  creates  a more 
simplified  numerical  simulation  of  the  entire  annual  cycle  for 
the  majority  of  the  world’s  ice-covered  regions. 

3.  Descrirtton  OF  THE  Model 

a.  Cnd 

Polar  stereographic  projections  are  used  in  each  hemisphere, 
with  rectangular  grids  superimposed.  The  41X41  gnd  in  the 
Antarctic  is  centered  on  the  south  pole,  while  the  38  x 26  grid 
in  the  Arctic  positions  the  north  pole  at  location  (18.  16)  with 
respect  to  the  lower  left  corner.  Both  grids  are  presentea  in 
Figure  I,  along  with  the  sea-land  boundancs.  Since  the  model 
IS  specifically  for  floating  sea  ice,  the  antarctic  ice  shelves  are 
not  treated.  Horizontal  gnd  resolution  ranges  from  21 1.06  km 
at  the  poles  to  181.006  km  at  the  farthest  edge  of  the  north 
polar  region  and  to  173.844  km  at  the  farthest  edge  of  the 
south  polar  region.  Details  on  the  gnd  structure  can  be  ob- 
tained from  Parkinson  [1978,  section  4.1], 

Vertically,  the  model  includes  a mixed  layer  in  the  ocean,  an 
ice  layer,  a snow  layer,  and  an  atmosphenc  boundary  layer. 
Figure  2 Khematizes  the  four  layers  plus  the  allowance  for 
leads.  Depending  on  time  and  location,  the  snow  layer  or  both 
the  ice  and  the  snow  layers  may  be  nonexistent,  thereby  reduc- 
ing the  number  of  vertical  layen  from  four  to  three  or  two. 
respectively.  The  remaining  dimension  is  time,  where  the  reso- 
lution IS  denned  by  an  $-hour  time  step  and  the  length  of  ail 
months  is  set  at  a uniform  90  time  steps,  i.e..  30  days. 

b.  Fields  of  Input  Data 

The  thermodynamic  calculations  isection  3e)  require  input 
data  fields  m the  form  of  atmosphenc  temperatures  for  sen- 
rible  heat  Dux  and  incoming  longwave  radiation,  dew  points 
for  latent  heat  flux,  wind  speeds  for  sensible  and  latent  heat 
fluxes,  and  both  wind  velocities  and  dynamic  topography  for 
ice  transport. 

Atmosphenc  data.  The  atmosphenc  data  were  obtained 
from  long-term  mean  monthly  distnbutions  as  given  on  5* 
lautude-longitude  gnds  by  Taljaard  et  al.  [1969]  m the  south- 


ern hemisphere  and  by  Crutcher  and  Meserv*  [1970]  in  the 
northern  hemisphere.  Sixteen-point  interpolation  was  used  to 
convert  the  atlas  data  to  the  rectangular  grid  of  the  sea  ice 
model.  In  this  manner,  fields  were  obtained  for  surface  air 
temperatures  T*,,  surface  dew  points  Tt,  and  the  u^,  and  o„, 
components  of  sea  level  geostrophic  winds.  The  stored  atmo- 
spheric data  for  all  12  months  are  accepted  as  accurate  at  time 
step  4S  (midmonth),  with  values  for  other  time  steps  being 
determined  by  linear  interpolation. 

Figures  3-6  present  contour  maps  and  plotted  wind  vectors 
from  the  stor^  data  for  January  and  July.  For  increased 
legibility  the  wind  vectors  are  drawn  at  only  half  the  grid 
points,  and  the  vector  lengths  are  scaled  individually  for  each 
diagram.  A unit  length  of  the  distance  between  grid  points 
signifies  3 m s*'in  Figure  3,  2 ms*‘in  Figure 4,  and  S ms'Mn 
Figures  5 and  6.  This  allows  reasonably  lengthened  vectors  in 
each  diagram  in  spite  of  the  weaker  winds  in  the  northern 
hemisphere  summer. 

Dynamic  topography.  Input  fields  of  dynamic  topography 
were  digitized  from  contour  maps  by  A.  Gordon  (personal 
communication,  1976)  in  the  Antarctic  and  from  a map  by 
Coachman  and  Aagaard  [1974]  in  the  Arctic.  In  both  hemi- 
spheres. only  yearly  averages  were  available.  Furthermore,  the 
arctic  data  were  limited  spatially  to  the  central  portions  of  the 
ocean,  and  thus  the  contours  were  extended  subjectively.  This 
was  done  in  a manner  maintaining  the  approximate  patterns  of 
a 20-m  pressure  field  predicted  by  a mooel  of  the  Arctic  Ocean 
Circulation  [Semi/ier,  19766,  Figure  7].  The  Semtr.er  diagram 
extends  contours  to  the  continental  boundaries  and  includes 
the  Norwegian-Barents  Sea.  The  patterns  correspond  closely 
to  the  dynamic  topography  field  of  Coachman  and  Aagaard  in 
the  regions  for  which  this  latter  held  is  presented.  However, 
neither  the  North  Atlantic  nor  the  North  Pacific  is  included, 
and  so  contours  for  these  areas  are  sketched  roughly  from  the 
patterns  of  ocean  circulation  in  the  work  of  Sverdrup  et  al. 
[1961.  Chart  VII].  The  resulting  dynamic  topography  fields 
appear  in  Figures  7 and  3. 

c.  Forctng  From  Above  the  ice  or  Water 

As  will  be  seen  in  section  3e.  the  computations  for  thickness 
changes  of  ice  and  snow  require  fluxes  of  solar  radiation, 
longwave  radiation,  sensible  heat,  and  latent  heat.  The  evalua- 
tion of  each  is  discussed  in  turn. 

Solar  radiation.  The  flux  of  solar  radiauon  5 It' [ is  calcu- 
lated by  applying  the  cloudiness  factor  by  Laevastu  [1960]  to 
an  empiric^  equation  by  Zillman  [1972]  for  global  radiation 
under  cloudless  skies.  The  Zillman  equation  is 

0 

(cos  Z T 2.7)e  X lO*'  1.085  cos  Z -t-  O.lO  ^ 

S signifies  the  solar  constant.  Z the  solar  zenith  angle,  and  e 
the  vapor  pressure  in  pascals  (1  Pa  • lO*’  mbar).  A value  of 
1353  W m"’  has  been  taken  for  the  solar  constant  [Thekaekara 
and  Drummond.  1971],  while  the  cosine  of  the  zenith  angle  is 
calculated  by  the  standard  geometric  formula 

cos  Z w sin  p sin  i -t-  cos  o cos  i cos  HA  (2) 

where  p.  i.  and  HA  are  latitude,  declination,  and  hour  angle, 
respectively  [Sellers.  1965].  The  approximate  declination  and 
the  hour  angle  are  determined  as 

i ■ 23.44*  X cos  [(172  - day  of  year)  x m 180] 

HA  ■ (12  hours  - solar  time)  x t/12 
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Fig.  4.  July  auniMpbenc  input  data  for  the  Arctic. 


while  the  vapor  pressure  t is  calculated  by  a formulauon 
presented  in  section  }c.  ‘latent  heat.' 

As  wu  mentioned.  Q,  is  modified  by  a cloud  factor  to 
obtain  total  incoming  shortwave  'adiation 

C - (?,(1  -0.6c*)  (4) 

[Ltwwitw.  I9fi0j.  Cloud  cover  figures  for  the  Arcuc  have  been 
averaged  from  the  curves  of  Husekkt  [1969]  for  his  four  arctic 
regions,  these  curves  being  frequently  reproduced  in  the  sub- 
sequent literature  [e.g.,  KtUofg.  1974;  Htrman.  I97S;  Baktr. 
1976].  As  a result,  in  the  Arctic  the  fractional  cloud  cover  c is 
set  at  0.50  for  December  through  March.  0.55  for  Apnl,  0.70 
for  May,  0.75  for  June  and  July,  0,80  for  August  and  Septem- 
ber, 0.70  for  October,  and  0.60  for  November. 

In  the  Anurctic,  cloud  cover  vanes  more  with  latitude  than 
with  season,  ar.d  so  the  modeled  cloud  values  are  a function  of 
both  lautu'tlc  and  month.  The  basu  of  the  calculations  is  the 
January  and  July  curves  of  iwr  Loon  [1972]  for  cloud  cover 


versus  latitude.  We  have  approximated  these  two  curves  by 
fourth-order  Lagrangian  interpolating  polynomials  satisfying 
the  functional  values  of  van  Loon  at  40*.  50*.  60*.  70*.  and 
80*S  (Figure  9)  [Parkiiaon,  1978].  Cloud  cover  amounts  for 
intervening  months  are  obtained  through  linear  interpolation. 

At  each  gnd  point,  Si*'i  is  determined  by  performing  the 
above  calculations  at  the  centers  of  two  1-hour  and  eleven  2- 
hour  periods,  multiplying  by  the  relevant  time  length  ( I or  2 
hours),  summing  for  the  day.  and  then  dividing  by  24  hours. 
Because  of  the  computer  time  involved,  solar  radiation  is 
recalculated  only  every  1 1 ume  steps  (3.75  days).  This  proce- 
dure eliminates  the  diurnal  cycle  of  solar  radiation  and  hence 
the  diurnal  thaw-refreezmg  of  the  snow  and  sea  ice. 

Ineomutg  ionfotao*  radiaiion.  Incoming  longwave  radia- 
tion IS  calculated  each  time  step  from  Idio  and  Jackson  i [l9o9j 
formula  for  clear  skies: 

Fl  - eT.'ll  - 0.261  exp  [-7.77  x !0-*(:73  - r.)^)  (5) 
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modtfie><  by  a cloudiness  factor  of  1 ^ ca.  In  the  current  n[  m - r.„)  (6) 

calculation,  the  Stefan>Boltzmann  constant  o is  S.67  X 10'*  W 

m'*  K'*,  while  the  surface  air  temperatures  T.  are  discussed  Surface  air  temperature  T,  and  surface  geostrophic  wind  speed 
under  fields  of  input  data  (section  3h),  cloud  cover  values  care  K.,  ■ (u.,‘  + Omi')''*  ere  from  section  36  ('atmospheric 
f presented  under  ‘solar  radiation'  (section  3c),  and  a is  an  data*),  while  surface  ice-snow-water  temperature  T^,  is  calcu- 

> empirical  factor  set  at  0.27S  as  averaged  from  the  drifting  lated  from  a surface  energy  balance  equation  (thermodynamic 

station  values  of  Manhuiiooa  [1966].  calculations,  section  3e).  Following  Maykut  [1977],  the  trans- 

StnsM*  h*at.  The  fiux  of  sensible  heat  is  calculated  each  fer  coefficient  for  sensible  heat  Cw  and  the  latent  heat  transfer 
time  step  from  the  standard  bulk  aerodynamic  formula;  coefficient  Cf  are  approximated  at  1.7S  x 10'*.  The  specific 
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Fig.  Jtn’  try  aunosphcnc  input  Ssu  for  the  Antarctic. 
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hut  of  air  c,  is  set  at  the  dry  air  value  of  1004  J lc|*‘  K*' 
[Huschkt,  1939].  Air  density  p.  is  obuined  from  the  equation 
of  state  by  using  a consunt  pressure  p of  98,800  Pa  in  the 
southern  hem-sphere  and  101.400  Pa  in  the  northern  hcmi* 
sphe.'e. 

iMfiii  htttt.  As  in  the  calculations  for  sensible  heat,  calcu- 
lations for  the  (lux  of  latent  hut  proceed  nch  time  step  with  a 
bulk  aerodynamic  formula.  Symbolically, 

LEi  - pJ.CtV,^q^  - q,)  (7) 

L being  the  latent  hut  of  vaporization  (2.3  x 10*  J kg*')  or  of 
sublimation  (2.834  X tO*  J kg*'),  depending  on  whether  an  ice 
cover  uists  [HalUntr  and  Martin,  1937],  and  the  q’i  being 
specific  humidities  at  10  m and  the  surface.  The  formulae  for 
specific  humidities  are 


and 


9>mi 


le 

P - (1  - *)e 


(8) 


9. 


p - (I  - i)e. 


(9) 


where  < 0.622  is  the  ratio  of  the  molecular  weight  of  water 

vapor  to  that  of  dry  air  [Htss.  1939;  Oliftrti  al.,  1970).  Vapor 
pressure  t and  saturation  vapor  pressure  t,  are  determined 
from  an  empirical  formula  by  Murray  [1967]: 


e,  - 611  X (10) 


where  (a.  6)  • (9.3,  7.66)  if  an  ice  cover  exists  and  (7.3,  35.86) 
if  no  ice  cover  uists.  For  r.  ( 10)  is  used  with  T,,,  replaced  by 
the  surface  dew  point  temperature  r«.  All  temperatures  are  in 
kelvins  and  pressures  in  paKSls. 


d.  Forting  From  Btiow  :h*  let 

The  upper  layer  of  the  oenn  tends  to  be  well  mixed  in 
temperature  and  salinity.  The  present  model,  ignoring  the 
deuils  of  differing  density  stratifications,  assumes  the  depth  of 
this  mixed  layer  to  be  30  m and  calculates  changes  in  water 
temperature  based  on  this  depth  (section  3/)  In  the  standard 
case  the  temperature  and  other  mixed  layer  properties  are  not 
used  to  determine  the  upward  hut  flux,  but  instead  the  energy 
flux  FT  to  the  ice  from  the  water  beneath  is  taken  to  be  a 
constant  2 W m~'in  the  Arctic  and  a constant  23  W m*'m  the 
Antarctic.  Recognizing  that  this  involves  a considerable  sim- 
plification, we  attempt  to  uplain  the  buic  reasons  for  it  in  the 
following  paragraphs. 

Instudies  by  Feau  [1975],  Bryanttai.  [1973],  and  Wtlandtr 
[1977]  the  flux  from  the  mued  layer  is  directly  proportional  to 
the  temperature  difference  between  the  water  and  the  ice.  This 
follows  from  a scale  analysis  of  the  first  law  of  thermodynam- 
ics and  was  attempted  in  the  present  model  also.  However,  the 
numerical  value  of  the  proporuonaiity  factor  vanes  consid- 
erably among  the  three  former  studies,  and  as  Ptast  [1975] 
indicates,  it  depends  on  an  arbitrary  eddy  diffusivity  of  water. 

N.  Untenteinei  (personal  communication,  1976)  and  G 
Maykut  (personal  communication,  1977)  object  to  calculating 
the  flux  as  being  proportional  to  the  temperature  difference 
between  water  and  ice.  contending  that  the  temperature  di- 
rectly under  the  ice  remains  pracucally  at  freezing  unul  the  ice 
diuppea.'s.  Indeed,  this  is  found  to  be  true  in  the  calculated 
temperatures  of  the  preser-  model,  resulting  in  a 0 calculated 
oceanic  heat  flux  regardless  of  the  proportionality  factor. 

Furthermore,  although  only  temperatures  have  been  men- 
tioned so  far.  an  accurate  calculation  of  the  et.ergy  flux  from 


ocean  to  ice  would  require  incorporation  of  ocean  salinity,  a 
variable  mixed  layer  depth,  a.no  interaction  with  the  under- 
lying ocean  layers.  Salt  content  of  the  upper  ocean  is  signifi- 
cantly affected  by  the  freezing  of  water  and  the  melting  of  ice 
and  in  turn  affects  the  vertical  density  structure  of  the  ocean. 
As  seawater  freezes,  the  discharge  of  salt  to  the  ocean  beneath 
increases  the  density  of  the  mixed  layer  and  hence  increases  the 
chance  of  an  unstable  stratification  and  resulting  convection 
with  underlying  water.  The  convection  alters  the  depth,  the 
temperature,  and  the  salinity  of  the  mixed  layer,  the  amount  of 
alteration  depending  on  the  initial  temperature  and  salinity 
profiles  versus  depth.  Unfortunately,  these  profiles  vary  widely 
with  location  and  season,  as  is  well  quantified  in  antarctic 
waters  by  data  from  several  Elianin  cruises  IJaeobs  ei  at..  1974] 
and  well  recognized  in  arctic  waters,  in  particular  due  to  the 
inflow  of  the  Atlantic  layer  through  the  Greenland-European 
sector. 

Thus  a parameterization  including  the  salinity  influence 
would  require  three-dimensional  fields  of  temperature  and 
salinity.  Although  computer  space  prevented  insertion  of  such 
fields  for  the  present  model,  presumably  upon  coupling  with 
an  ocean  model  these  fields  will  be  available.  This  would  allow 
a more  realistic  parameterization  of  ice-ocean  interactions, 
though  the  problem  of  uncertain  eddy  diffusivities  would  re- 
main. In  the  meantime,  it  is  felt  that  a constant  ocean  heat  flux 
is  the  best  choice  for  the  current  standard  case.  The  task  then 
becomes  to  determine  a proper  constant. 

In  their  one-dimensional  model,  Maykut  and  Vnttrsttintr 
[1971]  use  2 W m*'  for  the  oceanic  heat  flux  in  the  central 
Arctic,  having  tested  values  of  0.  1,  2.  4.  6.  and  8 W m*'  The 
choice  of  2 W m*’  for  their  standard  case  was  predominantly 
bued  on  its  yielding  the  most  satisfactory  results.  With  FT  * A 
W m*’  the  ice  vanished  before  equilibrium  was  reached. 

In  the  Antarctic,  as  in  the  Arctic,  accurate  ocean  flux  values 
are  simply  not  known.  However,  typical  fluxes  from  water  to 
ice  are  believed  to  be  much  greater  in  the  Antarctic  than  in  the 
Arctic,  and  A.  Gordon  (penonal  communication.  1976)  sug- 
gested values  of  up  to  23  W m ' '.  The  selection  of  25  W m * ‘ for 
the  current  model  followed  the  tesung  of  three  values  [Park~ 
iiuon.  1978]  and  the  judgment  that  the  results  looked  reason- 
able with  “ 23  W m*'.  By  contrast,  the  selecuon  of  2 W 
for  the  arctic  s'mulation  strictly  followed  the  usage  of 
Maykut  and  Unttrjttintr  [1971]  and  was  not  preceded  by 
testing  alternauves. 

t.  Thermodynamic  CaJcuiations 

Calculations  of  changes  in  thickness  of  the  ice  and  snow 
layers  are  based  on  energy  balances  at  the  various  interfaces. 
In  grid  squares  with  no  ice,  energy  balances  determine  instead 
the  change  in  ocean  temperature. 

So  ict.  The  no-ice  situation  is  depicted  in  Figure  10a, 
where  the  net  energy  flux  into  the  mixed  oceanic  layer  is 

e«.  • tJ-W\  w (I  - 

F„’  - t,aT„'  (11) 

The  evaluations  of  Hi,  L£'„  LW „ and  Sf*' i were  presented 
earlier,  and  in  view  of  the  large  uncertainty  and  spatial  vari- 
ance m both  the  sign  and  the  magnitude  of  the  flux  F,^’  to  the 
mixed  layer  from  the  deeper  ocean,  this  flux  is  taken  as  0.  All 
terms  in  the  expression  for  are  for  the  current  time  step, 
except  the  water  temperature  T,^  which  is  for  the  previous 
time  step.  The  shortwave  albedo  a„  of  water  is  set  at  10%,  rnd 
the  longwave  emiMiviiy  is  set  at  97%  The  albedo  figure  is 
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Fi|  6.  July  iimotphtnc  input  data  for  the  A nurcuc. 


the  ume  as  that  used  by  Badflty  [1966]  for  arctic  leads,  by 
Dom  and  Shaw  [1966]  for  an  open  polar  ocean,  and  by  Langit- 
ban  [1972]  for  aioni  the  arcuc  coutline. 

The  entire  net  inflow  goes  toward  raising  the  temper- 
ature of  the  water,  so  that  the  time  rate  of  change  of  internal 
energy  (per  unit  honzontal  area)  becomes 

dl/dl  - (12) 


Internal  energy  f is  the  product  of  the  30-ir  mixed  layer  depth 
d»i«  ihe  volumetnc  heat  capacity  of  water  c»  “ 4.19  MJ  m"’ 
K’*,  and  the  water  temperature.  Applying  a finite  difference 
approximation  to  (12),  we  obtain  a resui'mg  temperature 
change  of 


^mi%  X C« 


(13) 
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Fig.  7.  Conioun  of  dynim'c  topogriphy  uMd  in  :he  Southern 
OctM.  Contour  inunrel  k 0.2  dynemic  m. 

where  At  if  Che  S -hour  time  sce^  As  heat  is  spread  uniformly 
throughout  the  mixed  layer,  the  new  water  temperature  equals 

Tm.i  ■ + A7.  (14) 

where  subscripts  i ,«nd  i ~ I refer  to  the  time  step.  Note  that  if 
Cmi  negative  in  (13),  then  the  temperature  is  reduced,  as 
desired.  Should  T.  fail  below  271.2  K.,  then  a portion  of  the 
water  is  assumed  to  freeze.  The  thickness  of  the  newly  frozen 
ice  is  set  at  A,  > 0.01  m,  and  the  extent  is  calculated  so  as  to 
release  the  amount  of  heat  necessary  to  maintain  the  water 
temperature  at  freezing.  The  fraction  of  the  gnd  square  cov- 
ered by  ice  then  becomes 


where  Qi  is  the  heat  of  fusion  of  ice,  set  at  302  MJ  m'*.  The 
new  ice  is  modeled  to  have  a surface  temperature  of  271.2  K. 
An  experiment  has  been  run  in  which  the  thickness  of  newly 
formed  ice  is  0.20  m instead  of  0.01  m and  in  which  the  ice 
thickness  cannot  be  between  0 and  0.20  m.  The  results  show 
the  .model  to  be  fairly  insensitive  to  the  choice  of  0.01  versus 
0.20  m. 

let  viik  no  mow  cooor  The  fluxes  involved  m the  cas.c  of 
ice  with  no  snow  cover  are  diagramed  in  Figure  lOA.  The  only 
flux  through  the  ice  specifically  modeled  is  the  conductive  one. 
though  in  reality  a fraction  I,  of  the  net  incident  shortwave 
radiation  penetrates  the  uncovered  upper  surface.  Maykut  and 
Unttmeintr  (1971)  assume  that  I,  ■ 17%.  This  peneuating 


Fig.  S.  Contours  of  dynamic  lopogrtphy  used  m the  Arctic.  Contour 
interval  is  0.0]  dynamic  m. 


LanruDC  lOeg  seutm 

Fig.  9.  Cloud  cover  percentages  used  for  the  southern  hemisphere  in 
January  and  July,  presented  as  a function  of  latitude. 

radiation  normally  causes  the  brine  voluine  to  increase  and  the 
cooling  near  the  upper  surface  to  be  delayed.  The  present 
model  follows  the  zero-layer  model  of  Stnttntr  [I976n)  in 
parameterizing  this  by  using  60%  of  /« as  heating  in  the  surface 
energy  budget  and  ignoring  the  remaining  40%  In  essence,  the 
ignored  40%  is  treated  as  reflected  radiation,  i.e.,  u an  effec- 
tive increase  in  the  shortwave  albedo. 

The  conductive  flux  G,  through  the  ice  equals  AX  - T,r,)/ 
hi,  as  in  the  work  of  Bryan  tt  al.  (1975],  Ftase  [1975],  and 
Stmtntr  [I976a].  The  thick.iess  of  the  ice  A/  is  taken  .''rom  the 
previous  time  step,  while  the  thermal  conductivity  of  the  ice  A, 
is  set  at  a constant  2.04  W m •'  K ■ * and  the  temperature  at  the 
bottom  of  the  ice  T*  is  assumed  to  b' m . freezing  point  of 
seawater.  Following  Maykut  and  Untersttintr  [l97|]  and 
Bryan  tt  al.  [1975],  this  freezing  point  is  271.2  K.  The  remain- 
ing value  in  the  expression  for  conductive  flux,  surface  temper- 
ature T„c  will  now  be  calculated  from  the  surface  energy 
balance,  the  basic  assumption  being  that  the  temperature  at 
the  surface  adjusts  itself  in  a manner  maintaining  that  balance. 
From  Rgure  lOA  the  surface  energy  balance  is 

ffl  + L£i  + + (1  - 0.4/.X1  - a,)5»’l 

- + (A, /A, nr*  - r.„)  - o (i6) 

The  longwave  emiuivity  of  the  ice  i,  is  set  at  0.97,  and  the 
shortwave  ice  albedo  a,  is  set  at  0.50.  As  in  the  work  of 
Stmtntr  (1976a],  (16)  is  linearized  by  setting  T„t  " T,  + AT 
(where  T,  is  the  temperiture  at  the  surface  during  the  previous 
time  step)  and  by  approximating  the  power  T,i,'  ■ (T,  + AT)* 
by  the  two  largest  terms,  i.e., 

T.I.*  • T,*  ^ *T,*AT  (17) 

Thus,  (16)  can  be  solved  for 

AT»  [/fl  f f,£»'i  + (l  - 0.4/.X1  - a,)SW[ 

- - r,)  ][4.,a7,>  + fj-]* ‘ (18) 

If  the  resulting  T,„  • T,  *■  AT  exceeds  the  273.05-K  melting 
point  of  ice.  then  T,„  is  set  at  273.05  1C  exanly,  and  the  excess 
energy  is  used  to  melt  a portion  of  the  ics  rather  than  to  raise 
lU  temperature  beyond  273.05  K.  The  amount  melted  is  deter- 
mined by  recalculating,  with  the  new  surface  temperature  of 
273.05  1C  the  summed  fluxes  to  the  upper  ice  surface.  As  this 
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turn  represcnu  the  energy  avulible  for  melting,  the  calculated 
melt  equals 

j^r,- }•„,)]  (19) 

On  the  other  hand,  if  the  calculated  T,ti  • T,*-  yields  a 
T,„  i 273.05  K,  then  no  ablation  occurs,  and  instead  snow  is 
allowed  to  fall  at  t specified  rate.  The  prescnbed  rate  of  snow 
accufflulauon  in  the  antarctic  region  is  3 mm/month  *^rom  the 
start  of  March  through  the  end  of  November  and  0 mm/ 
month  for  the  remaining  three  months.  In  the  Arcuc  the  rates 
follow  those  if  Mcikut  and  Unttnttmtf  [1969]  and  ire  pre- 
unted,  along  >ith  'he  antarcuc  valuu,  m Table  2. 

With  ablation  and  accretion  at  the  top  of  the  ice  now  deter- 
mined. considerauon  turns  to  the  bottom  of  the  ice.  Using  the 
same  reasoning  as  that  for  the  upper  surface,  we  find  that  the 
melt  at  the  bottom  equals 


r.„) 


i20) 


This  equation  allows  the  poutbility  of  a negative  'melt,'  trans- 
lating simply  to  ice  accretion  rather  than  ablation. 

Snow-cowrta  ict.  The  fluxes  lelevant  to  snow-covered  ice 
are  diagramed  in  Figure  10c.  Because  of  the  high  extinction 
coefficient  of  snow,  no  penetration  of  shortwave  radiation  is 
allowed.  Thus  the  I,  parameterization  needed  in  section  3« 
(‘ice  with  no  snow  cover')  is  avoided  here,  and  the  only  fluxes 
through  the  ice  and  snow  layers  are  the  conductive  ones.  With 
Ta.  Ti,  and  T,„  equaling  the  temperatures  at  the  bottom  of  the 
ice.  at  the  snow-ice  interficc,  and  at  the  surface  of  the  snow, 
the  conductive  fluxes  become 


G,  - kAT,  - T,)/h, 

(21) 

G.  - kAT,  - T„.)/h, 

(22) 

Snow  conductivity  k,  equals  0.31  W m*‘  K"‘,  while  the  short- 
wave albedo  a,  of  snow  is  set  at  0.73  and  the  longwave  emissiv- 
ity  (,  IS  set  at  0.99.  Values  for  hi  and  h„  ice  and  snow  ihic.'t- 
nesses,  come  from  the  previous  time  step. 

With  these  preliminaries  the  energy  balance  at  the  snow 
surface  becomes 


-1-  L£[  -I-  (1  - a.)5H'l  - t.eT.,.* 


+ - r.„)  - 0 (23) 

and  that  at  the  snow-ice  interface  fc  omes 

- T.„)  - ^r,  - Ti)  (24) 

To  solve  these  equations,  T,ic  is  replaced  by  T,  + ^T,  and  (T* 
&TY  IS  again  approximated  by  f,*  -t-  This  leads  to 

two  equations  linear  in  the  two  unknowns  T/  and  Af.  Solving, 

we  have 


AT 


-[wl  -t-  2,£1  + ..in'!  -b  (1  - a.)A»'l  - ..<rT/ 


and 


kMT,  AT)  t-  k.k,T, 
“ kjtt  T hje, 


(26) 


TABLE  2.  Monthly  Veiues  of  Prescnbed  Snowfall  Rates  in 
Millimeters  per  .Month 


Arcuc  Snowfall 

Antarctic  Snowfall 

January 

8 

0 

February 

8.JJ 

0 

March 

8 33 

3 

April 

8.33 

3 

May 

50 

3 

June 

0 

3 

July 

0 

3 

August  1-19 

0 

3 

August  20-30 

128.37 

September 

128  57 

3 

October 

128  37 

3 

.November 

8 33 

3 

December 

8 33 

0 

Total 

■too  mm/yr 

27  mm/yr 
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Fi|.  II.  Viriablat  ii;«alv«l  in  calculitini  Mfflpcratur*  cb«n|a  due 
*0  vartical  malt. 


Should  tha  calculatad  rault  in  a n«w  snow  turfaca  temper* 
ature  T^,  • T,  + treater  tha.i  the  meltini  point  for  snow, 
273.13  K,  then  the  excess  energy  goes  toward  melting  the  snow 
rather  than  increasing  the  temperature,  so  that  T^,  will  be  Mt 
hack  at  273.13  K and  Tt  will  be  calculated  from  that.  The 
depth  of  melted  snow  equals 

-AA,  - + LE[  + (1  - a.tfW'l 

for  which  the  heat  of  fusion  of  snow  Q,  has  been  set  at  1 10  M.* 
m**. 

In  the  event  of  a calculated  snow  surface  temperature  T,n 
below  273.13  K,  no  snow  meils,  but  additional  snow  is  accu- 
mulated at  the  rate  specified  for  the  rWen  month  (T able  2).  No 
allowance  is  made  for  conversion  of  mow  into  ice,  for  instance 
through  the  melting/ refreezing  process.  At  the  bottom  of  the 
ica,  thickness  changes  are  calculated  analofously  to  those  in 
the  no-snow  case,  i.e., 

[{  vi  f- r,)-fr]  (28) 

this  being  accretion  if  positive  and  ablation  if  negauve. 

/.  L*od  Panm*t*risation  and  Calculation 
of  Water  Ttmparaturts 

On-site  meuurements  have  indicated  that  heat  and  moisture 
fluxes  at  the  freezing  point  can  be  2 orders  of  magnitude 
greater  over  seawater  than  over  sea  ice  [Acklty  am,  KMlhtr. 
1976;  Zrnally  *t  al  1976;  Mutndi  am!  Ahlrtaj.  1976].  In 
where  icc-frec  water  covers  over  1%  of  the  total  surface  area, 
the  large-scale  turbulent  heat  exchanges  can  be  dominated  by 
the  leads  [Maykut.  1976).  Consequently,  the  present  node! 
includes  the  parameter  A registc.hng  at  each  grid  point  the 
pcioeniage  of  thu  honzontal  grid  area  covered  by  open  water 
or  leads.  Chauges  in  A occur  u ice  either  melt;  laterally  or 
forms  at  the  lead  surface,  the  magnitude  of  the  change  depend- 
ing on  the  net  energy  flux  into  the  lead  itself  and  on  the 
temperature  of  the  water. 

Each  grid  square  has  two  water  temperatures  in  the  mixed 
layer,  f.,  the  temperature  of  the  water  in  the  leads,  and 
the  temperature  of  the  water  under  the  ice.  During  any  given 
time  step  each  of  these  temperatures  is  altered  m a maximum 
of  three  steps.  For  f.  the  first  step  results  from  the  veruca' 
melting  of  the  ice  (section  }f,  'temperature  adjustmenu  for 
vertical  mcltr,'),  the  second  from  a lateral  freezing  of  water 
and  hence  an  increase  >n  the  area  of  ice  co-crage  (secuon  If, 
'temperature  and  lead  area  changa  for  negauve  Q,'),  and  the 
third  from  a partial  muing  i.'ith  the  water  m the  leads  (secuon 
if,  'lateral  mixing  of  water').  Al'.erauons  in  f.  anse  from  the 
net  veru.-al  energy  input  into  - '■  lead  (section  if,  'temperature 


and  lead  area  changes  for  positive  Q,'  and  'temperature  and 
lead  area  changes  for  negative  Q,'),  from  lateral  melting  and 
the  consequent  increase  of  the  lead  area  (section  if,  'temper- 
ature and  lead  area  changes  for  positive  Qf),  and  from  mixing 
with  the  water  under  the  ice  (section  if,  'lateral  mixing  of 
water').  The  two  sets  of  three-step  calculations  are  intertwined 
with  themselves  and  with  the  change  in  lead  area  and  hence  are 
presented  here  in  the  order  of  calculation. 

Tmpanturt  adjustmtnts  for  otrtlcai  mtlting.  If  the  ice 
thickneu  calculations  (section  3e,  'ice  with  no  snow  cover'  and 
'snow-covered  ice')  .-esult  in  a melting  of  the  ice,  the  meltwater 
is  assumed  to  mix  into  the  water  beneath  and  thereby  to 
readjust  the  mixed  layer  temperature  (Figure  1 1 ;.  The  temper- 
ature of  the  melted  water  is  uken  u a constant  T„  <*  271.2  K, 
and  the  ice  density  is  taken  as  a constant  900  kg  m*'.  The 
mixed  layer  density  in  the  Anurctic  is  set  at  1027  kg  m'*,  and 
that  in  the  Arctic  is  set  at  1023  kg  m*'  [see  ToUtikoo,  1966; 
Smith  ann  iglish,  1974].  Thus  the  ice  density/water  density 
ratio  in  cotn  hemispheres  is  0.88,  and  so  by  Archimedes' 
principle,  88%  of  the  ice  sits  below  the  air-water  interface. 
Consequently,  upon  adding  the  meltwater  to  the  mixed  layer 
the  new  volume-weighted  temperature  T^'  tecoma 

~ O.88A/.1.1)  ■+■  Tf, 

X 0.88<Am.,  - A,.,)I  [<Liu  - 0.88  x *,.,]->  (29) 

The  subscripts  1 or  1 - 1 appended  to  a variable  normally 
refer  to  the  number  of  the  time  step.  The  exception  comes 
when  a variable  W is  recalculated  more  than  once  during  a 
given  time  step  and  both  W,  and  W,.,  occur  within  the  same 
calculation.  In  that  case.  W,  refers  to  the  lau  t calculated 
value  of  IFIpernaps  the  one  currently  being  calculated,  as  for 
Tv'  in  (29)1,  and  W,.^  refers  to  the  latest  previous  value.  A 
nonsubscripted  variable  automatically  indicates  its  latest 
value. 

ytrtical  tntrgy  input  > - ’Si  lead.  Reasonably,  the  energy 
flux  to  the  lead  area  is  the  same  as  to  the  opv-n  water  area 
(Figure  lOa).  Thus  the  energy  per  unit  horizontal  vea  that 
vertically  en':.s  the  lead  dunng  a given  time  step  is 

c,  - Ar  X [{1  - a.lSH'l  + //[  + LE[ 

+ - i.irr.'  + F.n  (30) 

Where  no  ice  exists  within  a gnd  square  (section  3e,  'no  ice  ) 
the  total  energy  input,  positive  or  negative,  contributes  to 
temperature  change  in  the  mixed  layer.  Here,  however,  posi- 
tive energy  input  will  be  paruaJly  used  to  melt  the  ice  laterally. 
Briefly,  if  Q,  is  positive  then  the  water  is  warmed  and  the  lead 
ar*a  increased,  whereu  if  Qt  is  negative,  then  the  w-ter  is 
cooied,  snd  should  the  temperature  sink  to  freezing,  some 
water  freezes  to  ice,  .hus  reducing  the  lead  uea.  To  pri:  ;nt  the 
actual  amounts  of  temperature  and  lead  changes,  we  set  .4,, 


.MCLT 


Fig.  12.  Vtnibics  invoivcr  m calculaiing  tcT.i-^raiure  changes  due 
.j  .icrti  melt. 
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equal  to  the  horizontal  area  of  the  grid  square  and  equal 
to  the  horizontal  area  within  the  square  covered  by  open  water 
or  'cads.  Since  A is  simply  the  fraction  of  leads,  we  have 

-A„xa  (31) 

Ttmptnturt  emd  Itad  area  dianges  for  pos  Uve  Q,.  In  the 
event  of  a positive  flux,  X Q,  is  the  total  energy  available 
to  warm  the  water  and  laterally  melt  the  ice.  Of  this  amount, 
X ^ is  allotted  for  warming,  thus  yielding  a temper- 
ature increase  of 


AT, 


(32) 


and  the  retraining  (I  - ) X X is  allotted  for  lateral 
melt,  *Jius  yieMing  an  increase  in  horizontal  lead  area  of 


\ I w (1  /4)  X Ait^a  X Qg 

Q,xh,  + Q,x  h. 


(33) 


Although  a crude  parameterization,  this  does  conform  "o  the 
intuitive  feeling  that  the  larger  the  lead  area,  the  greater  the 
energy  used  directly  in  she  lead  rather  than  in  melting  the  ice 
along  the  lead.  Also  should  there  be  no  ice  then  this  parame- 
terization does  correctly  use  all  the  energy  for  warming  the 
water.  The  only  other  parametei  zauon  known  to  the  author  is 
Semtner’s.  where  all  the  en"<?v  i$  allotted  to  lateral  melt 
regardless  of  the  lead  perce:  ' asfiington  et  d..  1976).  The 

Semtner  parameterization  aiistic  when  A approaches 

Itm, 

The  water  temperature  must  be  adjusted  following  (3J).  The 
melted  ice  (Figure  12)  yields  a volume-weight  d water  temper 
ature  in  the  newly  formei  lead  area  of 


— O.SSAfi  ^ 7*'-  X 0.8SA/ 

J34J 


and  the  water  of  the  newly  formed  lead  is  assumed  to  mix 
immediately  with  that  of  the  old  lead.  Thus  the  au  usied  lead 
temperature  becomes 


y M X Ai^i  Tf/li  (35) 

A t 

Furthermore,  if  the  resulting  frem  (33)  exceeds  A„ 
fi.e.,  A > 100%),  then  ail  ice  has  melted,  and  the  energy  which 
could  have  melted  the  additional  i. : instead  further  heats  the 
water.  In  tins  case,  A,  is  set  at  freciseiy  100%  for  (35),  and  the 
resulting  open  water  temperature  T,  is  fu,  .her  modified  by  the 
additional  heat  input  from  energy  remaining  after  the  total  ice 
mek.  Setting  A'  equal  to  the  ratio  of  the  calculated  lead  area  to 
the  grid  square  area,  we  ha^e  the  adjusted  water  temperacire 


maintaining  the  previously  'calculated  ice  thickness  for  the 
particular  grid  square.  Should  this  result  in  an  ice  coverage 
exceeding  98%  in  the  southern  hemisphere  or  99.5%  in  the 
i-.orthem  hemisphere,  then  the  ice  coverage  is  restricted  to  98 
or  99.3%,  and  the  remaining  energy  deflett  is  offset  by  a cooling 
of  the  water  under  the  ice.  (Hence  we  insist  on  at  least  a 
minimum  lead  percentage  Abu  of  2%  in  any  grid  square  in  the 
southern  hemisphere  and  0.3%  in  any  grid  square  in  the  north- 
ern hemisphere.  Though  the  model  is  not  sensitive  to  the 
choice  of  2%  versus  0.5%,  we  have  retained  <■  larger  value  in  the 
southern  hemisphere  than  in  the  northern  hemisphere  simply 
because  of  the  known  larger  amounts  of  open  water  through- 
out the  Southern  Ocean.)  Finally,  if  the  cooling  decreases  the 
water  temperature  below  271.2  K,  then  water  is  frozen  to  the 
undenide  of  the  ice.  An  energy  balance  is  maintained  through- 
out the  calculations  (see  Parkiwn  [19781  for  details).  Also, 
when  the  lead  percentage  is  dec.eased.  the  temperature  under 
the  ice  is  adjusted  by  a ' jlume  weighting. 

Lateral  mixing  of  water.  The  above  tempeiaure  determi- 
nations are  follov  ed  by  a simple  adjustment  to  account  for 
lateral  mixing: 

AT.,  - iA(7-.  - r..)  (38) 

Ar.  »H1 -^)(l  - ^^)(7,.  - r.)  t39) 

The  choice  of  the  J coefficient  is  arbitrary,  though  it  clearly 
depends  on  the  length  of  the  time  step.  Through  (38)  and  (39), 
temperature  contrasts  are  reduced,  but  the  total  heat  content 
of  the  water  remains  the  same,  the  total  increase/ decrease  of 
heat  energy  under  the  ice  (c,  X (1  - A)  X X (dmii  ~ 
0.88/1,)  X A7v<)  balancing  the  heat  decrease/ increa^  in  the 
leads  (c,  X A X A„  X </„„  X iTJ. 

g.  Transport  Calculations 

The  transport  calculations  ^jed  in  two  Initially,  a 
steady  state  velocity  of  the  ice  is  calculated  by  ba.ancing  four 
major  stresses:  wind  stress  from  above  the  ice  e,.  water  stress 
from  below  the  ice  e»,  Coriolis  force  D,  and  the  stress  from  the 
tilt  of  the  sea  surface  or  dynamic  topography  G.  This  is  fol- 
lowed by  incorporating  a fifth  stress,  the  internal  ice  resistance 
produced  by  the  interactions  among  the  ice  floes,  wmle  com- 
putationally attempting  to  move  the  ice  according  to  the  veloc- 
ity vectors  resulting  from  the  four-stress  steady  state  The 
actual  movement  and  the  ce  resistance  force  are  discussed 
after  the  first  four  stresses  and  thetr  balance  have  been  pre- 
sented. 

ice  oelocives.  Using  Newton’s  second  law  of  motion,  ice 
velooties  V,  should  be  calculable  .'ro'" 


r.,,  - r.,„  - ijj, 

^ Cm 

Temperature  and  lead  area  changes  for  negatiee  Q,.  If  Q,  is 
■egative,  water  must  be  cooled  to  offset  the  energy  deficit,  thu 
necessary  cooling  being 


X Cm 


(37) 


f-SF,  (40) 

where  the  F,  are  ail  forces  (per  unit  mass)  acting  on  the  ice.  As 
was  stated  above,  we  assume  a steady  state  velocity,  hence 
setting  the  left  side  of  (40)  'o  0,  and  w»  restrict  our  F,  to  four 
major  stresses,  reducing  (40)  to 

0-e,  -D^G  (41) 


This  creates  diRtr  s only  if  the  calculated  water  temper- 
atu;s  lies  below  i).e  freezing  point.  271.2  K.  m which  case  the 
temperature  is  reduced  only  to  freezing  a.id  the  remaining 
energy  denai  is  balanced  by  the  freezing  of  water  at  the  lead 
surface.  The  freezing  is  done  laterally  onto  the  existing  ice. 


arguments  for  a steady  state  versus  a nonsteady  state  calcu- 
lation have  been  given  by  Campbell  [1964]  and  Rothrock 
[1973].  Rothrock  shows  ’hrough  scale  analysis  that  the  accel- 
eration term  is  generally  3 orders  of  magnitude  smaller  than 
the  wind  and  water  stresses. 
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Of  the  stresses  con  idered  here,  only  the  Coriolis  force  has  a 
precise  formulation: 

D-p,A,/V,  »k  (42) 

[CampMI.  1964J.  All  terms  have  been  defined  (sections  if 
(‘temperature  adjustments  for  vertical  melting’).  3e  (‘snow- 
covered  ice‘),  and  ig  (‘ice  velocities‘))  except  f,  the  Coriolis 
parameter,  and  k.  the  unit  vertical  vector. 

The  stress  from  the  dynamic  topography  involves  a finite 
dilTerence  approximation  to  the  gradient  of  sea  surface  .height. 
With  the  dynamic  topography  fields  DT\I.  J)  plotted  in  Fig- 
ures 7 and  8 the  stress  formulation  becomes 


Recent  work  by  Aidjex  has  suggested  that  perhaps  a quadratic 
relationship  between  (/kI  and  would  be  more  appro- 
priate than  the  linear  relation  predicted  by  the  classical  Ekman 
approach  and  used  in  (47).  The  Aidjex  formulation  addition- 
ally includes  a turning  angle  in  the  ocean  boundary  layer 
IMcPhtt.  1977], 

Having  defined  the  four  stresses,  we  obtain  the  ice  velocity 
from  (41)  by  solving  the  two  component  equations 

0 « - lOp.'i/  + l.y)  - DT[i  - 

+ aCoP.k'«,*  cos  8 + p.(k.l/l  )*’£/*  (50) 


O - \-{Qp,h,[(OT{l  + 1.  /)  - £>T(f  - 1.  j))i 

+ / + 1)  - DT(l.  J - l))j]H2  X H)-'  (43) 

[Campbelt,  1964].  The  honzcntal  distance  H between  grid 
points  is  approximated  at  a constant  2 X 10*  m. 

The  remaining  two  stresses  are  less  precise.  Wind  stress  is 
assumed  to  act  in  the  direction  of  the  wind  which,  following 
Pntchard  et  al.  (1976).  is  approximated  at  20*  to  the  left  of  the 
surface  geostrnphic  wind  in  'he  northern  hemisphere  and  20* 
to  the  right  m the  southern  hemisp'.'.ere.  With  8 as  the  resulting 
angle  in  the  t-y  plane,  wind  stress  is  parameterized  as 


0 - -pi/i,/u,'  - lOo.A,  { ■ ‘^1 

aCoP.F'..,’ sin  d + (SI) 

To  solve  these,  u;  and  Vi  are  replaced  by  their  equivalents  u,,  - 
* and  c,,  - k"*.  and  (49)  is  inserted.  In  this  manner,  (50)  and 
(51)  simplify  to  a pair  of  simultaneous  linear  equations  m Cg 
and  Solving,  the  resulting  velocity  components  are 


V*  * It  I ri  J.  . tt  in  Dfit' ! 


Pm'kjfl  -t-Pl**! 


(52) 


t,  ••  aCop.k'.j’fcos  d i + sin  d j)  (44) 


(Hunkins  [\%6\:  r,  - p.Co*^.’).  Equivalently,  the  formulation 
is 


where  8 is  the  following  rotation  matrix: 

_ _ cos  20*  sin  20* 

L -sm  20*  cos  20*  . 


(45) 


(4da) 


in  the  northern  hemisphere  and 


B « 


cos  20* 
. sill  20* 


-sin  20** 
cos  20* 


(4«) 


in  the  southern  hemisphere.  This  latter  formulation  avoids  the 
use  of  d.  The  drag  coeffiaent  Cg  is  set  at  0.0021.  a figure 
reflecting  the  roughening  effect  of  ndgmg  [Banke  and  Snuih. 
1975).  and  a * 3 is  an  adjustment  factor  to  account  for  the  use 
of  monthly  mean  winds  rather  than  instantaneous  values 
(SemMar  19766). 

'following  Hunkms  [ 1966).  water  stress  h.s  been  parameter- 
iicii  as 


X.  - p,(k-l/l)‘'V0',i  + K,j)  (47) 

with  both  the  eddy  viscosity  k„  « 24  X 10‘‘  m*  s''  and  the 
density  of  seawater  p»  (section  if.  ‘temperature  adjustments 
for  vertical  melting’)  taken  as  constants.  The  vector  C'*i  + l'»  j 
IS  the  vector  difference  between  the  ocean  geosttophic  velocity 
Vo,  and  the  ice  veloaty  V,.  i.e.. 

t'-i  ♦ v,j  w (u,.  - u,)i  + (u„  - o,)j  (48) 

The  ocean  geostrophic  flow  is  obtained  by  balancing  the  dy- 
namic 'opography  and  the  Conolis  forces  (D  r-  G • 0).  while 
the  .ce  velocity  is  the  unknown  to  be  calculated  by  balanang 
the  four  stresses  The  geostrophic  balance  yields  an  ocean 
geostrcph.c  velocity 


- 1-101(01(1.7-  \)~  DT[u  ~ nii-ior(/-  1.7 

- Or(f  - 1,  T)))])”  X f < (49) 


from  which  the  velocity  of  the  ice  V,  » V„  - V,  is  immedi- 
ately calculated. 

Ice  movement.  Once  the  ice  velocities  at  each  grid  square 
have  been  found,  the  ice  within  each  square  isjranslated 
without  rotation  or  distortion  to  the  endpoint  of  its  velocity 
vector,  i.e..  the  midpoint  of  the  ice  is  translaied  from  (/.  7)  to  ff 
+ (Al  X u,)/7f.  7 + (Al  X c,)/f/\.  It  IS  at  this  point  that 
attention  must  be  given  to  the  effect  of  conunencal  boundaries 
and  to  the  resistance  forces  among  the  ice  floes.  The  modeled 
ice  responds  to  continental  boundaries  by  disallowing  move- 
ment onto  the  shore:  should  either  the  uj  or  the  c;  comoonent 
lead  immediately  into  a land  grid  point,  then  that  component 
IS  set  to  0.  Thus  the  boundaries  have  the  same  effect  as  that  m 
the  work  of  .Sikifoiw  ei  a/.  (1970]  and  J.  Walsh  (personal 
communication,  1976).  velocity  components  normal  to  and 
approaching  ihe  coast  from  an  adjacent  gnd  point  being  ze- 
roed out  and  veiocty  components  tangential  to  the  coast 
remaining  unchanged. 

internal  ice  resistance  produces  an  effect  ,«imilar  to,  though 
not  as  stringent  as,  that  of  continental  boundaries.  After  the 
redistnbution  of  ice  according  to  e velr>cities  calculated  from 
the  four-stress  balance,  all  incoming  velocities  to  any  gnd 
square  with  a resulting  ice  concentration  greater  than  lOOT 
- .4„,„  are  reduced.  The  reduction  is  done  proportionately, 
after  first  insisting  that  the  ice  attempting  to  remain  m the  gnd 
square  remain.  More  specifically,  we  set  R%  equal  to  the  per- 
centage of  the  gnj  square  covered  by  ice  that  remains  in  the 
square,  i.e.. 


We  then  reduce  all  incoming  velocity  components  to  this 
square  from  adjacent  squares  through  multiplication  by 

100%  .4 

Cx,  - R% 
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TABLE  3 Init.il  Vt'un  m the  Standard  Case 


Arctic 

Antarctic 

Ice  th'.kness,  m 

3.5 

1.5 

Snow  thickness,  m 

0.3 

0.0 

Percent  area  with  open  water,  % 

10 

10 

Tentperalure  of  open  water.  K 

271.45 

271.45 

T amperaiure  of  water  tinder  ict.  K 

271.45 

271.45 

Temperature  of  upper  snow  sur ''ace,  iC 

271,20 

271.20 

Temperature  of  snow-ice  interface,  K 

271.20 

271.20 

Since  the  ice  remaining  in  a 't,uare  increases  with  a reduction 
in  its  velocity,  this  method  generally  requires  several  iterations 
through  the  38  X 26  c 41X41  grid.  The  i'srative  procedure 
continues  until  no  g.  j square  has  an  ice  concentration  ex- 
ceeding 100%  - 

After  thus  determini,  .g  a field  of  ice  velocities  which  does 
not  create  excessive  convergence  in  any  grid  square,  we  com- 


plete the  calculations  for  the  time  step  by  redistributing  the  ice 
according  to  the  resulting  velocities.  If  the  ice  velocity  at  point 
(/,  J)  is  (ui,  vi),  then  the  ice  in  the  grid  square  centered  at  (/,  J) 
is  translated,  without  rotation  or  distortion,  until  its  center  is 
positioned  at  {X,  Y).  where 

X~  l + (Sty.  u,/H) 

K - y + (Ar  X c,/H) 

Hence  both  the  volume  and  the  areal  coverage  of  ice  which 
had  existed  in  the  square  centered  at  (/,  J)  are  distributed  to 
the  following  four  squares  in  the  following  percentages; 

(1  - AT  + ATrKl  - y * KtX100%)  to  {Xr.  Yt) 

(1  -AT  + AVXl'-  KrX100%)to(Arr.  Kr  + 1)  (,6) 

(X  ■■  .TrXl  - Y + KrXI00%)to(Tr  + 1.  Kr) 

(T  - .TrXK  - TrX100%)  to  (Afr  + I.  Yr  + I) 


YEAX  S 


Fig.  13  SiiTiulaied  haif-veartv  cycle  oi  sea  ict  in  the  Arctic,  January-June  Contours  show  ,ce  thicknesses  in  mctcis.  *niic 

shading  indicates  ice  compactness  above  40*^ 
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Fig  14  Simulated  hiif-veirly  cycle  of  sea  ice  in  the  4rcoc.  July-December  Contours  shew  ice  ihicaness  in  meters,  whi'e 

shading  ina.cates  ice  compactness  above  40^ 


SubKript  T signifies  truncation  of  a number  to  its  integral 
portion.  The  new  ice  thickness  in  an  individual  square  is  then 
obtained  by  summing  the  ice  volumes  remaining  m and  enter- 
ing the  square  and  dividing  by  the  total  area  of  ice  coverage 
over  the  square.  In  this  manner,  each  square  retains  only  one 
ice  thickness,  and  yet  thickness  can  be  advected  from  one 
square  to  another. 

In  the  actual  calculations  the  regions  with  nonzero  internal 
ice  resistance  have  tended  to  be  quite  small  in  the  summer 
months  but  very  significant  in  the  winter  months.  This  is 
illustrated  later  in  Figures  19  and  20. 

4.  Model  Results  a.no  Comparisons  With  Observations 

In  this  section  the  model  results  are  described  and  then 
compared  with  various  estimated  or  observed  ice  distnbutions. 
Table  3 lists  the  initial  conditions  for  each  hemispfere  Com- 
putations begin  with  a presumed  time  of  0800  UT.  January  1. 


year  1.  and  run  through  4 years  of  simulation  in  the  Antarctic 
and  5 years  in  the  .Arctic  This  is  sufficient  time  in  each  hemi- 
sphere for  the  results  tc  . pproach  an  equilibrium  yearly  cycle 
[Parkinson  19^8.  section  5 4], 

The  resultant  annual  cycles  obtained  in  the  standard  case 
are  presented  in  Figures  13-16  The  simulateo  arctic  ice  vanes 
in  eatunt  from  a min'mum  m September  to  a mammum  in 
March,  though  the  February  and  Apnl  extents  aie  very  close 
to  those  of  March.  In  Septemoer  the  ice  covers  only  a ponion 
cf  the  Arctic  and  has  receded  from  most  coastlines  Thickness 
teaches  3 0mm  the  center  of  the  pack.  At  the  March  maxi- 
mum. extent  has  greatly  increased,  reaching  Iceland  and  be- 
yond the  southern  coast  of  jreeniand.  while  the  central  arctic 
thicxnesses  have  reached  t 

in  the  simulated  ,Artaicti>..  minimum  ice  extent  occurs  in 
March  and  maximum  extent  in  late  August  In  .March  the  ;ce 
.-caches  a latitude  of  64°S  off  the  coast  o<  East  Antarctica,  the 
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Fig.  15  Simulated  hair-yearty  cycle  of  sea  ice  in  the  Antarctic.  January^June.  Contours  show  ice  thickness  in  meters. 

while  shading  indicates  ice  compactness  above  90% 


mwimum  extension  from  t.he  continent  being  in  the  Weddell 
Sea  region  to  the  east  of  the  .Anurctic  Peninsula.  Thickness 
vanes  from  about  1 .2  m in  the  Ross  and  Weddell  seas  to  0 m at 
the  ice  edge.  In  .August  the  ice  extends  to  the  gnd  boundary 
over  the  approximate  longitude  range  a0*W-I0*E,  reaching 
latitudes  of  50* -5 1 *S.  Thickness  vanes  from  about  I 4 m at  its 
coastal  maximum  to  0 m at  the  ice  edge. 

In  the  following  sections  the  general  pattern  of  arctic  and 
antarctic  results  sketched  above  is  examined  more  closely  by 
companson  with  a"'as  and  satellite  observations.  The  com- 


pansons  are  divided  into  three  sections,  ice  extent  and  distn- 
bution.  ice  thickness  and  lead  areas,  and  ice  dnft.  t*.e  fullest 
diKussion  being  given  for  the  extent  and  distnbuiion.  First, 
however,  we  bnefly  indicate  the  contrast  between  the  extents 
and  tnose  that  would  be  simulated  by  one  of  the  very  simplest 
of  ice  models,  i.e.,  one  placing  the  ice  edge  at  the  271. 2-K  air 
temperature  isothi  -m. 

The  model-simulated  ice  extent  is  clearly  not  a simple  repro- 
duction of  the  location  of  the  freezing  isoline  for  atmospheric 
temperatures  (Figures  P and  18).  In  the  .Arctic  the  fall  freez- 


ing  line  (September-November)  definitely  expands  southward 
faster  than  the  ice.  By  January  the  ice  and  the  freezing  contour 
show  comparable  extents,  with  the  modeled  ice  extent  beyond 
the  freezing  line  off  southern  Alaska  but  within  the  freezing 
line  in  the  Atlantic  region.  By  the  end  of  winter  the  modeled 
ice  has  expanded  beyond  the  f^reezing  line  in  ail  regions,  and  as 
the  ice  melts  with  the  coming  of  summer,  the  ice  line  retreats 
much  more  slowly  than  the  freezing  line.  This  should  be  ex- 
pected. owing  to  the  inertia  of  the  ice.  By  June  the  freezing 
contour  encompasses  only  the  central  portion  of  the  Arctic 


plus  the  region  of  Greenland.  By  July  the  mean  air  temper- 
atures throughout  the  Arctic  are  above  freezing,  though  in  the 
model  simulation,  as  in  the  real  world,  considerable  ice  re- 
mains. The  ice  continues  melting  into  September,  by  which 
time  the  atmospheric  freezing  contour  has  expanded  outward 
such  that  the  ice  and  freezing  lines  again  show  a comparable 
extent.  The  September  simulated  ice  extent  is  slightly  beyond 
the  freezing  contour  near  Spitsbergen  but  not  as  far  equa- 
torward  as  the  freezing  line  north  of  North  America  and  along 
the  West  Greenland  coast. 


Fig.  16.  Simulated  half-yearly  cycle  of  tea  ice  m the  Antarctic.  July-Decemcer  Contours  show  ice  thickness  in  meters. 

while  shading  indicates  ice  co-  pactness  above 
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FREEZING  LINE 


Fig.  17.  Bimonlhly  nmultwd  icc  exienu  and  observed  mean  atmospheric  freezing  (271.2  K)  contour  in  the  Arctic. 


In  the  southern  hemisphere  also,  the  ice  extent  lags  pole- 
ward of  the  freezing  line  in  fall  and  retreats  more  slowly  than 
the  freezing  line  in  spring  (Figure  18).  The  two  contours  show 
similar  extents  in  February,  with  the  ice  slightly  equatorward 
of  the  freezing  line  at  180*  longitude,  though  poleward  of  the 
freezing  line  off  much  of  East  Antarctica.  The  ice  continues 
melting  into  March,  while  the  freezing  line  is  pushing  outward. 
The  ice  extent  remains  poleward  of  freezing  through  June, 
then  in  July  it  tends  to  be  poleward  of  freezing  for  the  hemi- 
sphere from  90*  E to  180*  to  90* W and  equatorward  for  the 
remaining  hemisphere.  Both  contours  reach  their  maximum 
extents  in  August  The  two  curves  are  similar  in  August  and 
September,  though  with  the  freezing  line  showing  less  longitu- 
dinal variation  than  the  ice.  During  spring  warming,  the  ice 
melt  lags  the  poleward  retreat  of  the  freezing  line,  eventually 
catching  up  in  most  areas  sometime  in  the  peak  summer 
months  of  January  and  February. 

fee  Extent  and  Distnbution 

Actual  ice  distributions  vary  considerably  from  year  to  year, 
thus  eliminating  the  possibility  of  a perfea  yearly  cycle  against 
which  to  compare  simulated  .ssults.  This  section  begins  there- 
fore with  an  indication  of  the  observed  variability. 

Pease  [I97S|  summarizes  significant  differences  in  antarctic 
ice  extent  as  depicted  by  three  standard  atlases;  (1 ) the  Soviet 
Atlas  of  Antarctica  [Tolstikoo.  1966],  (2)  the  U.S.  Navy  Ocean- 
ographic Atlas  of  the  Polar  Seas  [Daniel,  1957],  and  (3)  the 
British  Admiralty's  Ice  Chart  of  the  Southern  Hemisphere 
(1943)  The  U.S.  atlas  shows  a larger  t.xten'  of  ice  than  the 
Soviet  alias  for  eastern  longitudes  and  a smaller  extent  for 
western  longitudes,  this  being  true  in  every  month.  The  Bntish 
charts  suggest  more  ice  ;n  summer  than  either  the  Soviet  or 
U S.  sources.  Furthermore,  plots  by  Gloersen  -nd  Salomonson 
[1975]  of  ice  extents  from  satellite  microwavz  radiometry  re- 
veal a much  more  irregular  distnbution  for  uie  specific  su;  i- 
mer  of  1972-1973  than  is  presented  by  any  of  the  three  atlases. 


Prior  to  satellite  sensing,  apparent  differences  between 
sources  on  the  antarctic  ice  boundary  were  often  attributed  to 
the  sparsity  and  imprecision  of  observations  rather  than  to  real 
year-to-year  contrasts.  Though  we  remain  plagued  by  sparse 
observations,  satellite  images  have  shown  decisively  the  exis- 
tence of  large  interannual  differences,  some  of  which  are  now 
mentioned. 

Budtf  [1975]  presents  maps  of  satellite-observed  October  and 
December  extents  of  antarctic  sea  ice  for  1967  and  1968.  In 
spue  of  the  consecutiveness  of  the  2 yean,  clear  contrasts  exist 
in  ti''  * pattern  of  ice  distnbution.  In  October  1 968  the  ice  extent 
is  mere  symmetric  than  it  is  in  1967  and  reaches  lower  latitudes 
at  almost  all  longitudes  except  those  in  the  region  north  of  the 
Weddell  Sea.  The  ice  is  almost  nonexistent  off  the  east  coast  of 
the  continent  in  December  of  1967  and  ^et  extends  farther 
than  the  1968  ice  in  the  region  of  the  0*  meridian.  Ackley  and 
Kelther  [1976]  have  also  compared  antarctic  ice  extents  at 
similar  times  in  two  consecutive  years,  finding  the  August  1-2 
extent  greater  in  1973  than  in  1974  in  the  Weddell  Sea  sector 
but  less  in  the  Ross  Sea  seaor.  Their  data  derive  from  elec- 
tronically scanning  microwave  radiometer  (ESMR)  observa- 
tions of  the  Nimbus  V satellite. 

Fletcher  [1969]  has  conjectured  that  typical  year-to-year 
variations  in  antarctic  ice  extent  may  be  as  large  as  typical 
variations  between  seasons  Others  emphasize  changing  distri- 
butions from  one  year  to  another  rather  than  changes  m 
overall  extent  [e.g..  Bttdd.  1975].  As  Budd  mentions,  la'^e 
anomal'ts  in  individual  regions  may  persist  ove.’  entire  s- 
sons. 

Interannual  variation  exists  in  the  Arctic  as  well,  though 
perhaps  not  to  as  striking  an  extent.  Among  the  studies  includ- 
ing plots  of  the  ice  boundary  for  various  years  are  fVinchester 
and  Bates  [1958]  for  September  off  northern  .Alaska.  Blindheim 
and  LjOen  [1972]  for  August  in  the  vicinity  of  Spitsbergen,  and 
Haupt  and  Kant  [1976]  for  .April  in  the  entire  .Atlantic  sector. 
Of  the  eight  years  presented  by  Haupt  and  Kant  the  ice  mar- 
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gins  in  April  reached  the  north  cout  of  Iceland  in  only  two 
years,  I9M  and  1969,  while  they  never  reached  the  coast  of 
Norway  and  always  reached  the  southern  tip  of  Greenland. 

The  lack  of  constancy  from  one  year  to  another  obviously 
eliminates  the  possibility  of  an  absolute  standard  against 
which  to  judge  numerical  results.  However,  a general  com- 
parison can  be  made  between  model  results  and  various  esti- 
mates of  actual  ice  extents,  and  when  this  is  done,  the  overall 
correspondence  is  good. 

More  specifically,  the  simulated  September  and  March 
maps  in  Figures  13  and  14  have  ice  boundaries  at  locations 
similar  to  those  presented  by  fVittmam  and  Sckule  [1966]  tor 
the  mean  minimum  and  maximum  ice  extents.  The  major 
differences  in  September  are  that  in  the  Wittmann  and  Schule 
case  the  ice  extends  farther  along  the  east  coast  of  Greenland 
and  does  not  exist  in  the  Baffin  Bay  region.  The  major  differ- 
ences in  March  are  that  Wittmann  and  Schule  show  a lesser 
extent  in  the  Af’ntic  sector  by  an  average  of  about  2*  of 
latitude  and  do  not  show  ice  off  the  coast  of  southern  Alaska. 

Off  northern  Alaska  the  September  ice  edge  in  Figure  14  is 
well  within  the  range  presented  by  the  1953-19SS  plots  of 
Winchester  and  Bales  (1958)  and  the  1968  plot  of  J.  Walsh 
(personal  communication.  19'’6),  coming  closest  probably  to 
1968.  though  actually  suggt^sting  a greater  extent  than  that 
year  and  a lesser  extent  than  either  1953  or  1955.  The  April  ice 
edge  in  the  Atlantic  (Figure  13)  corresponds  well  with  the 
Haupt  and  Kant  [1976]  curves  for  April  extents  from  1966  to 


1973,  though  it  indicates  a slightly  more  southward  extent 
especially  off  the  southv/est  coast  of  Greenland.  Also,  the 
simulated  results  have  the  edge  extending  to  Iceland  which, 
from  the  Haupt  and  K ant  maps,  would  be  expected  only  25% 
of  the  time.  By  contrast,  in  September  the  simulated  ice  has 
melted  much  more  off  the  east  coast  of  Greenland  than  Roth- 
rock  [1973]  or  Wittmann  and  Schtde  [1966]  suggest.  The  corre- 
spondence between  the  simulated  ice  extent  and  the  Rothrock 
curve  is  close  for  the  rest  of  the  Arctic,  though  the  ice  touches 
more  of  the  coast  of  Siberia  in  the  Rothrock  case.  For  almost 
every  area  of  the  Arctic  a reference  could  be  found  suggesting 
a greater  extent  than  the  simulation,  and  an  alternate  reference 
could  be  found  suggesting  a lesser  extent. 

In  summary,  the  simulated  arctic  distribution  and  ettent 
seem  within  the  observed  var.tbility  for  most  sections  of  the 
Arctic.  The  two  areas  of  poor  correspondence  are  to  the  south 
of  Alaska,  where  too  much  ice  is  simulated,  and  immediately 
along  the  Greenland  coast.  The  results  show  an  abbreviated 
ice  extension  down  the  east  c^ast  of  Greenland  but  too  much 
ice  off  the  southwest  coast.  These  are  both  regions  where  the 
oceans  are  probably  exerting  a far  greater  influence  in  the  real 
world  than  that  allowed  in  the  model.  To  <he  east  of  Green- 
land the  predominant  surface  flow  is  from  north  to  south, 
carrying  cold  arctic  water  and  ice  southward  along  the  coast, 
while  to  the  southwest  of  Greenland  warm  water  flows  from 
the  Atlantic,  moving  northward  along  the  coast  in  the  West 
Greenland  Current. 


FREEZING  LINE 


Fig.  1$.  Simonthl!>  simulated  loe  extents  and  observni  mean  atmospheric  freezing  (271.2  K|  contour  in  the  Antarctic. 


Fi|.  19.  Simulated  conioun  of  ict  concentration  (percent)  m the 
Arctic,  March  and  September  Shading  indicate)  those  regions  where 
internal  ice  resistance  was  nonzero 

As  IS  the  case  with  the  Arctic,  the  large-scale  antarctic 
results  also  fall  within  the  observed  range.  In  each  month  the 
extents  of  Figures  IS  and  16  coirespond  within  about  2°  of 
latitude  to  those  of  the  U.S.  Navy  Oceanographic  Allas  of  the 
Polar  Seas  [Daniel.  1957],  The  simulated  e,xtents  tend  to  be 
somewhat  less  than  the  atlas  extents  from  February  to  Apnl. 
especially  in  the  Antarttic  Peninsula  and  Weddell  Sea  regions, 
and  somewhat  greater  from  July  to  December.  In  May  the 
simulation  shows  morr  ice  off  East  .Antarctica  and  less  ice 
along  the  peninsula  than  the  Oceanographic  .4  tlas. 

The  simulated  ice  li.nits  differ  from  those  of  the  Soviet  .Atlas 
of  Antarctica  [Tolstikov.  1966]  most  strongly  off  East  Antarc 
tica  in  the  longitude  range  40*-I40*E.  Within  this  region  the 
simulated  extents  (end  to  be  greater  than  the  atlas  extents,  the 
strongest  differences  occurring  m .August,  and  September, 
when  the  simulated  ice  reaches  rough!)  6*  farther  northward 
than  the  atlas  charts.  By  contrast,  in  November  the  atlas  and 
simulated  extents  are  roughly  irentical  in  the  eastern  longi- 
tudes. 

Finally,  compared  with  the  satellite-observed  results  Budd 
[1975],  the  simulated  December  extent  is  noticeably  greater  at 
most  eastern  hemisphere  longitudes  than  the  observed  extent 
in  either  1967  or  1968.  while  the  simulated  October  results 
seem  quite  realistic.  It  rhould  be  noted  that  the  October  1968 
observed  distribution  [Budd.  1975],  along  with  the  simulated 
October  oisinbution.  does  not  show  the  bulge  north  of  the 
Weddell  Sea  suggested  by  several  other  sources  (e  g..  Daniel. 
\Bil-.  Sewnann  and  Pierson.  19oo|. 

As  for  the  times  of  minimum  and  maximum  antarctic  ice 
extent,  the  simulated  minimum  m March  appears  to  be  timed 
properly  in  terms  of  the  typical  real  world  cycle,  while  the 
maximum  m late  August  appears  to  be  slightly  early.  Tolstikoo 
[1966],  Fletcher  (1969],  and  Pease  [19''5]  ail  indicate  .March  as 
the  month  of  minimum  extent,  and  Pease  and  Tolstikov  in- 


dicate September  as  the  month  of  maximum  extent.  Fletcher 
suggests  that  the  maximum  may  occur  in  eithet  September  or 
October.  On  the  other  hand,  the  ESMR  satellite  data  exam- 
ined by  Ackley  and  Keliher  [1976]  place  the  1974  maximum 
extent  near  the  end  of  August,  the  same  as  the  simulated 
results.  The  fact  that  the  ESMR  data  for  1973  have  the  maxi- 
mum extent  at  the  end  of  September  [.Ackley  and  Keliher,  1976] 
once  again  illustrates  the  real  world  variability. 

b.  tee  Thickness  and  Lead  Areas 

In  addition  to  distribution  and  extent,  ice  thicknesses  and 
concentrations  are  needed  for  a full  picture  of  the  ice  coverage 
in  either  hemisphere.  The  simulated  results  in  both  aspects 
seem  reasonable  in  t!ie  large-scale  view,  though  perhaps  the 
arctic  thicknesses  decrease  too  gradually  from  the  thickest 
values  in  the  central  Arctic  to  the  values  at  the  ice  edge  and 
perhaps  the  antarctic  thicknesses  are  too  low.  if  only  by  0-0.5 
m. 


F g.  20  Sirmitsied  coniours  of  ice  concenirsiion  (percent)  m the 
Antarctic.  .March  ano  August  Shad.ng  indicates  those  regions  where 
internal  ice  resistance  was  nonzero 
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Fig.  21.  Simulated  iretK  ice  drift  for  January  and  July. 

With  reference  to  Figures  13  and  14,  central  arctic  ice  thick- 
neai  tends  to  be  about  3. 0-3. 6 m.  Although  these  numbers  arr 
not  entirely  comparable  either  with  figures  obtained  from  a 
strictly  thermodynamic  model  or  with  estimates  of  averaged 
arctic  thicknesses,  including  ridged  and  otherwise  deformed 
ice,  we  do  mention  for  rough  comparative  purposes  that  the 
3.0  to  3.6-m  range  exceeds  the  I.88-m  average  thickness  simu- 
lated by  the  one-dimensionai  model  of  \(aykut  and  Vmtrstti- 
ntr  (1969]  but  is  exceeded  by  the  4-m  mean  thicknas  suggested 
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Fi|.  22.  Simulated  antarctic  ice  dnft  for  January  and  July 


Fig.  22.  Scnemalic  diagram  of  the  major  observed  features  of  arctic 
ICC  dnft 


by  Fittchtr  [1965].  Spatially,  the  first-order  tendency  is  for  the 
simulated  Ice  thicknesses  to  decrease  outward  from  the  peak 
values  in  the  central  Arctic  (Figures  13  and  14),  the  major 
exception  to  this  being  in  the  region  d'tectly  north  of  Green- 
land and  Ellesmere  Island,  where  thicknesses  again  increase  as 
the  coast  is  approached. 

As  for  the  yearly  cycle  of  central  ice  thicknesses,  the  simu- 
lated values  of  3.0  m at  the  end  of  summei  and  3 6 m at  the  end 
cf  winter  are  comparable  to  the  seasonal  differences  suggested 
by  others.  Stwnann  and  Pierson  [1966]  suggest  that  the  polar 
cap  averages  2.0-2. 5 m toward  the  end  of  summer  and  3 0-3.5 
m toward  the  end  of  winter,  a somewhat  larger  range  than  the 
simulated  results,  while  Maykut  and  L’niersumer[\969\  obtain 
in  their  model  a somewhat  smaller  range  than  that  simulated 
here,  theirs  being  2.71-3.14  m. 

Simulated  antarct’^  thicknesses  (Figures  15  and  16)decrea$e 
fairly  monotonicaily  from  coastal  values  of  0-1.5  m out  to  0 m 
at  the  ice  edge.  Since  estimates  of  antarctic  sea  ice  suggest  that 
most  of  the  ice  is  no  greater  than  I 0-1.5  m thick  [Baker. 
1976],  the  simulated  thicknesses  arc  realistic  or  at  least  no 
more  than  about  0.5  m too  thin.  One  method  of  thickening  the 
simulated  ice  is  to  decrease  the  oceanic  heal  flux  and  hence  the 
bottom  ablation.  Such  thickening,  however,  occurs  at  the  ex- 
pense of  increasing  ice  extent  as  well.  Smaller-scale  features  of 
antaraic  ice  thickness,  such  as  the  observed  tendency  for 
thicker  ice  at  the  northern  reaches  of  the  Weddell  Sea  than  at 
the  Weddell  Sea  coast,  are  not  reproduced.  Proper  simulation 
of  such  featur*s  may  require  detailed  modeling  of  the  ocean 
circulation. 

In  addition  to  the  monthly  90^  ice  concentration  contours 
in  Figures  13-16.  Figures  19  and  20  present  more  detailed 
contour  maps  of  concentration  for  the  months  of  maximum 
and  minimum  extent  In  view  of  the  '.ack  of  precise  data  the 
simulated  concentrations  seem  reasonable.  tViiimann  and 
Schuie  [1966]  claim  that  at  least  5*^  of  the  central  -krctic 
consists  of  open  water  during  all  seasons.  The  modeled  results 
show  less  than  5%  throughout  the  central  Arctic  in  winter, 
corresponding  poorly  with  the  Whttmann  and  Schuie  esti- 
mates However.  Maykut  [1976]  claims  a lead  percentage  of 
under  1%  ir.  winter  m the  central  Arctic,  and  Week.t  [1976] 
claims  a winter  ice  concentration  of  99^.  ranging  only  from  98 
to  100%.  and  a summer  concentration  of  92%.  ranging  from  30 
to  '.00%  Similarly.  Koerner  claims  that  only  0 6%  of  the  area 
IS  ice  free  in  winter  and  Swithinbank  claims  a March  total  of 
5%  for  all  open  water  and  ice  of  thickness  less  than  0 3 m.  onlv 
a small  fraaion  of  this  f%  being  open  water  [Sn,nhinl>ank. 
1972].  The  ice  of  Figures  13  and  14  is  less  compact  than  ihe 
estimates  of  Weeks  or  Koerner  and  more  compact  than  the 
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Fig.  24  Simulated  January  and  July  ice  ihicknejj  in  the  .Antarctic  after  eliminaung  ice  dynamics.  Contours  sho* 
thickness  in  meters,  v^hile  shading  indicates  ice  compactness  acove 


estimates  of  Wittmann  and  Schule.  As  was  pointed  out  by  one 
of  the  reviewers,  it  should  be  mentioned  that  neither  sub- 
marine sonar  profiles  nor  satellite  imagery  can  yet  distinguish 
clearly  between  open  water  and  thin  ice.  Thus  the  estimates  of 
Wittmann  and  Schule,  which  were  obtained  from  submarine 
data,  should  be  interpreted  as  the  combined  percentages  of 
open  water  and  thin  ice,  thereby  accounting  for  the  higher 
values. 

In  the  Antarctic  tne  patterns  of  simulated  ice  concentrations 
correspond  well  wuh  those  of  Seumann  and  P'.erson  [ 1966]  and 
additionally  reveal  a broad  region  of  lowered  concentrations 
in  the  area  most  noted  for  large  polynyas,  to  the  north  of 
Queen  .Maud  Land  at  about  the  Greenwich  mendian  [Damtl. 
1957;  Zwally  and  Gloersen.  \9TI]  Acklev  and  Keliher  [1976] 
report  that  satellite  data  for  the  antarctic  winters  of  1973  and 
1974  reveal  far  more  open  water  than  most  previous  estimates 
and,  incidentally,  more  than  the  simulated  results,  but  it  must 
be  recalled  that  satellite  imagery  is  not  able  to  distinguish  the 
hin  ice  from  the  open  water  The  overall  ice  concentrations 
reported  by  .Ackley  and  Keliher  between  the  continent  and  the 


ice  edge  average  70-80%  in  the  Weddell  Sea  sector,  65-75%  in 
the  Ross  Sea  sector.  55-65%  in  the  East  Antarctic  sector,  and 
50-65%  in  the  .Amundsen-Bellingshausen  Sea  sector.  In  addi- 
tion to  the  difficulties  in  distinguishing  thin  ice  from  water, 
Ackley  and  Keliher  warn  that  their  method  further  over- 
estimates the  lead  percentages  since  both  fresh  snow  and 
clouds  with  high  water  content  tend  to  lower  brightness  tem- 
peratures down  toward  their  seawater  values.  In  a further 
analysis,  Zmaily  and  Gloersen  [1977]  claim  that  on  an  average, 
the  ;ce  concentrations  derived  by  Ackley  and  Keliher  are  prob- 
ably about  10-15%  too  low 

c Ice  Drift 

Simulated  January  and  July  ice  velocities  appear  in  Figures 
21  and  22.  These  are  more  difficult  to  compare  against  obser- 
vations than  the  extents  or  thicknesses,  since  considerably  less 
observational  data  e.xist.  especially  in  the  southern  hemi- 
sphere However,  major  qualitative  aspects  of  the  large-scale 
drift  in  the  Arctic  are  fa.rly  well  known,  and  of  benefit  to 
future  studies,  procedures  are  now  being  developed  for  esti- 


F'g  25  January  ana  Juiv  ce  extents  n -fie  Antarctic  *it.h  ana  jnt.nc.i  ce  avnamics  nmuiatea  Arrows  noicate  ihe 

Uirections  ol  tne  vnnuiatea  ce  eiocities 
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Fig.  26  Jinutry  and  July  icc  cxtcnu  in  tht  Arctic  with  and  without  ict  dynamics  simulated.  Arrows  indicate  the  directions 

of  the  simuiaicd  ice  velocitirt. 


msting  drift  rrom  Landsat  satellite  photographs  [ffiblertt  al.. 
1976]. 

Beginning  with  the  northern  hemisphere,  Khematic  plots  of 
the  observed  patterns  of  arctic  ice  drift  almost  always  empha- 
size two  main  features:  (I)  the  anticyclonic  Pacific  gyre  in  the 
Beaufort  Sea  and  Central  Arctic  Basin  and  (2)  the  Transpokr 
Drift  Stream  ciossing  the  pole  from  the  Laptev  and  East 
Siberian  sear  nd  moving  out  toward  the  Atlantic,  eventually 
merging  with  the  East  Greenland  Drift.  Smaller  features  also 
often  men:  oned  are  a stagnant  region  north  of  Greenland  and 
Ellesmere  Island  and  a small  cyclonic  gyre  to  the  east  o' 
Severnaya  Zemlya  [Roihrock.  1973].  These  various  observed 
features  ate  schematized  in  Figure  23. 

Bom  the  Pacific  gyre  and  the  Transpolar  Drift  are  visible  in 
the  emulated  results  The  gyre  appears  prominently  in  the  July 
drift  chart,  its  center  occurring  at  roughly  78*N,  210*E.  This 
location  for  the  gyre  center  is  quite  close  to  the  79*  N,  200*- 
20S*E  positioning  determined  from  data  of  a Soviet  expedition 
of  1961  [Bushuyev  tt  al.,  1970).  However,  the  simulated  Janu- 
ary results  do  not  indicate  a gyre  pattern,  and  indeed,  the 
internal  ice  resistance  has  reduced  the  January  ice  velocities  'o 
near  zero  throughout  most  of  the  central  Arctic.  Although  this 
velocity  reduction  is  probably  excessive,  two  supportive  points 
can  be  noted  regarding  these  January  results.  First,  the  wind 
field  speafied  for  the  present  model,  a field  taken  from  mean 
monthly  observational  data  (seaion  36.  ‘atmospheric  data'), 
also  does  not  contain  a gyre  in  the  Beaufort  Sea  in  the  winter 
months  (Figure  3).  Second,  there  is  little  doubt  that  winter  ice 
velocities  are  slowed  owing' to  compaction.  This  second  point 
is  illustrated  by  the  reduction  of  wind  coefficients  from  sum- 
mer to  winter  [Sikt/onc  it  al..  1970;  MePhet.  1977]  and  also 


by  observed  instances  when  highly  concentrated  winter  ice  has 
remained  motionless  [e  g.,  Pritchard.  1976);  however,  these 
instances  of  stationary  ice  may  not  be  typical. 

The  Transpolar  Drift  Stream  appears  in  the  simulated  re- 
sults for  both  January  and  July  (Figure  21),  with  (he  contin- 
uing southward  motion  in  the  East  Greenland  Drift  also 
prominent  in  the  January  resulu.  As  for  the  smaller-scale 
feature,  of  arctic  drift,  there  is  indeed  a relatively  stagnant 
region  to  the  north  of  Greenland  and  Ellesmere  Island  in  both 
January  and  July  plots,  and  there  is  a slight  cyclonic  curvature 
in  the  region  to  the  east  of  Severnaya  Zemlya  in  January, 
(hough  the  island  itself  is  no'  modeled. 

The  simulated  velocity  fields  for  the  Antarctic  show  westerly 
motion  wherever  the  ice  reaches  northward  of  about  58*S 
(Figure  22).  Ice  velocities  tend  to  be  greatest  in  this  region  of 
strong  westerly  atmospheric  flow,  the  weaker  velocities  near 
the  coast  being  more  variable  in  direction  but  predominantly 
easterly  and  having  cyclonic  curvature.  The  cyclonic  flow  in 
the  Weddell  Sea  is  well  corroborated  by  the  documented  drift 
of  a large  iceberg  from  1967  to  1976  [McClain,  1976],  while  the 
overall  flow  patterns  of  Figure  22  correspond  closely  with  the 
large-scale  oce>-  circulation  in  the  Southern  Ocean  [Tolsiikoo, 
1969;  Zwally  r a!..  1976]. 

5.  ExFEaiMENTS  ON  THE  ImPOXTANCE  OF  ICE  TXANSPORT 
AND  Internal  Ice  Resistance 

When  the  model  is  run  without  allowing  a horizontal  trans- 
port of  the  ice,  the  results  show  only  slight  contrasts  with  the 
sundard  case.  Since  the  basic  trends  become  apparent  early  in 
the  simulation,  these  experiments  are  run  for  only  2 years 
rather  than  the  longr-  time  periods  of  the  standard  cases. 


Fig.  27  Simulated  January  and  July  ice  thickness  in  the  .Arcuc  after  eliminating  ice  dynamics.  Contours  show  thickness  in 
meters,  while  shading  indicates  ice  compactness  above  90'% 
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Fi|.  28.  Simuliicd  January  and  July  icc  compactneas  (percent)  in  the  Arctic  I'fter  eliminatini  ice  dynamics. 


In  the  Antarctic  (Figure  24)  the  extents  are  generally  not  as 
great  as  they  are  when  ice  transport  allows  a slight  equa- 
torward  flow.  Figure  25  overlays  the  extents  in  year  2 of  the 
no-transport  caK  with  those  in  year  2 of  the  standard  case  and 
plots  the  directions  of  the  ice  velocity  near  the  ice  edge  In 
regions  where  the  Meridional  component  of  flow  is  southerly, 
the  extent  is  greatest  when  transport  is  included,  whtie  in 
regions  of  negligible  flow  the  extents  are  identical,  and  in  the 
few  regions  with  a northerly  flow  component  the  extents  are 
greatest  without  transport  (Figure  25).  Naturally,  the  contrast 
between  extents  with  or  without  transport  would  be  much 
greater  if  the  predominant  ice  flow  at  the  equatorward  edge  of 
the  pack  had  been  meridional  rather  than  zonal. 

In  the  North  Atlantic  the  simulated  meridional  flow  com- 
ponent at  the  ice  edge  tends  to  be  somewhat  stronger  than  in 
the  Antarctic.  As  this  flow  is  equatorward.  the  ice  extent  is 
thereby  more  noticeably  reduced  when  transport  is  eliminated 
(Figure  26).  Furthermore,  the  region  of  ice  of  thickness  greater 
than  J m IS  also  slightly  reduced  without  transport  (Figure  27 
versus  year  2 of  the  standard  case),  presumably  reflecting  the 
small  outward  flow  component  in  the  Pacific  gyre.  At  ihe  same 
lime  the  ice  is  more  compact  without  transport  (Figure  28). 
again  reflecting  the  divergent  velocity  component.  Local  re- 
gions of  convergent  flow  will  naturally  show  less  compaction 
without  transport;  however,  on  a large  scale  in  the  Arctic  the 
transport  increases  the  enent  of  the  ice  and  decrea«s$  the 
compactness. 

In  view  of  the  large  ameunt  of  computer  time  required  for 
the  transport  calculations  and  the  relatively  small  effect  they 
make  on  simulated  ice  distributions,  it  would  appear  appropri- 
ate in  some  uses  to  model  thermodynamics  alone.  This  could 
be  true,  for  instance,  in  large-scale  atmospheric  general  circu- 
lation models  where  the  ice  simulation  is  desired  primanly  for 
Its  influence  in  increasing  shortwave  albedo  and  decreasing 
heat  exchanges  between  ocean  and  atmosphere. 

In  a further  experiment  on  ice  transport  we  calculate  ice 
velocities  simply  by  balancing  wind  stress,  water  stress.  Co- 
riolis force,  and  dynamic  topography,  without  then  proceeding 
to  reduce  these  velocities  due  to  internal  ice  resistance  as 
described  m section  3g  rice  movement').  Instead,  we  allow  the 
thicknesses  to  increase  according  to  the  volume  of  ice  con- 
verging in  the  gnd  square.  This  results  in  unrealistic  ice  distn- 
butions.  such  that  in  regions  of  ice  convergence,  thicknesses 
become  excessive,  while  sometimes  in  adjacent  gnd  squares  the 
ice  has  disappeared  altogether  From,  this  w»  conclude  that  if 
ice  transport 's  modeled,  some  parameienzat  on  must  allow 
for  the  effect  of  internal  ice  resistance.  The  regions  of  nonzero 
internal  ice  resistance  for  2 months  in  eacn  hemuphere  m the 
standard  case  are  <haded  in  Figures  19  and  20. 


6.  Discussion 

This  study  has  desenbed  the  construction  of  a numencai 
model  of  the  growth  and  decay  of  sea  ice  and  has  compared 
the  results  of  the  model  against  observations.  The  basic  large- 
scale  features  of  the  simulations  correspond  nicely  with  obser- 
vations in  both  hemispheres.  However,  the  model  retains 
many  simplifications  which  limit  its  accuracy,  and  in  this  con- 
cluding section  we  discuss  some  of  these  limitations  and  in- 
dicate prospects  for  future  development. 

Certain  restrictions  are  obvious  and  are  built  into  the  model 
equations.  Major  among  these  is  the  insistence  on  uniform  ice 
thickness  (with  an  aliowance  for  leads)  over  the  200  x 200  km 
grid  squares.  Another  example  is  the  reduction  of  such  vari- 
ables as  the  drag  coefficient,  the  coefficients  of  sensible  and 
latent  heat  exr*'inge.  the  conductivities  of  ice  a.->d  snow,  and 
the  values  of  tii«  oceanic  heat  flux  to  constant  valuei 

Other  restrictions  derive  from  the  nature  of  the  input  data, 
for  instance,  the  use  of  mean  monthly  atmospheric  forcing.  As 
was  emphasized  in  section  4o.  significant  year-to-year  varia- 
tions in  ice  extent  exist  in  both  the  Arctic  and  the  Antarni',  By 
employing  a constant  yearly  cy  !e  of  atmospheric  conditions 
the  present  numerical  model  is  unable  to  simulate  such  real 
world  interannual  variability. 

Equally  important,  the  use  of  mean  monthly  averages 
smooths  out  the  temperature  and  wind  extremes,  both  of 
which  can  be  important  in  creating  anomalous  local  condi- 
li.ans  which  can  persist  ind  expand  in  influence  over  time.  F>'r 
instance,  large  polynyas  often  open  during  in'ense  storms 
[yowmcktl.  1966;  Knapp.  1972].  and  a concentri.ted  ice  pack 
will  sometimes  remain  motionless  until  the  wind  stress  be- 
comes untypically  large  [PnicHard.  1976].  The  use  of  mean 
winds  prevents  a proper  simulation  of  such  occurrences.  Simi- 
larly. mean  temperatures  eliminate  the  short  but  sometimes 
significant  melting  penods  accompanying  anomalously  warm 
conditions.  This  ties  in  with  the  additional  restriction  that  the 
diurnai  cycle  is  not  included. 

Further  complicating  mattes  in  the  case  of  the  wmd  input, 
since  opposing  wind  directions  partially  cancel,  the  use  of 
averaged  wind  vectors  does  not  produce  averaged  wind  speeds. 
Thus  the  wmd  speeds  specifled  m the  mo  lei  are  particularly 
unrealistic  in  regions  witnout  dominant  wmd  dirrxtions  wuhm 
the  individual  months. 

In  addition  to  the  atmospheric  simplifications,  oceanic  sim- 
plifications also  prevent  precise  correspondence  between  simu- 
i.ned  results  and  real  world  ice  configurations  For  mstaiice. 
ocean  salinity  is  not  modeled,  and  '.lie  spatial  variations  of 
salinity  *,e  not  included,  although,  among  other  co’i- 
sequencei.  the  sil.nity  affects  ihe  freezing  temperiture  and  the 
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density  of  ih<  water.  Relatedlj , the  use  of  a constant  mixed 
layer  depth  iinoret  the  influence  of  vertical  convection,  which 
is  tied  closely  to  the  mutual  interrelatedness  of  the  f<-'eiin|  and 
melting  of  the  ice  on  the  one  hand  and  the  properties  of  the 
mixed  oceanic  layer  on  the  other.  Clearly,  the  failure  to  include 
ulinity  and  a variable  mixed  layer  depth  restricu  the  ability  of 
the  model  to  simulate  in  preore  detail  the  freeze<melt  cycle. 

Many  of  the  cur^nt  restrictions  of  the  model  can  be  elimi- 
nated upon  coupling  with  atmospheric  and  oceanic  models. 
An  atmospheric  model  will  allow  calculation  of  winds,  rir 
temperatures,  and  dew  points  on  a shorter  time  Kale  the* 
monthly  averages,  and  a full  oceanic  model  will  allow  a vari- 
able mixed  layer,  interaction  with  the  deeper  ocean  and  adja- 
cent river  and  oceanic  flows,  calculation  of  the  changing  salin- 
ity Held,  and  determination  of  the  underlying  oceanic 
circulation.  The  model  should  then  be  able  to  simulate  year-to- 
year  variations  and  should  allow  analyses  of  various  inter- 
aaions  among  air,  sea,  and  ice.  Any  contribution  that  such  a 
coupled  m''de!  could  make  to  understanding  the  atmosphere- 
hydrosphere-cryosphere  climctic  system  would  be  valuable. 
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ABSTRACT 

A recent  NASA  satellite  is  obtaining  high  spatial  resolution  thermal  mJVared  data  at  times  of  day 
appropriate  for  the  study  of  the  urban  heat  island  effect.  Quantitative  estimates  of  the  extent  and 
intensity  of  urban  surface  heating  are  obtained  by  analysis  of  digital  data  acquired  over  the 
New  York  City-New  England  area.  In  many  large  cities  satellite  sensed  temperatures  arc  I0-I5*C 
warmer  than  in  surrounding  rural  areas  A thorough  interpretation  of  the  elevated  urban  surface 
tcmperatuie  will  require  studies  of  I)  the  relationship  between  remotely  sensed  surface  temperatures 
and  air  temperatures,  and  2)  compen.sation  for  obseived  very  localized  heating  due  to  industry 
and/or  power  plants. 


1.  Introduction 

Interest  in  urban  meteorology  has  grown  rapidly 
in  recent  years,  prompted  by  concern  for  the  effects 
of  air  pollution  on  human  health,  federal  require- 
ments for  air  quality,  uncertainty  as  to  the  environ- 
mental effects  of  energy  consumption,  and  a general 
desire  to  im.irove  the  quality  of  life  in  urban  areas. 
The  gradual  dispersion  of  population  into  suburban 
areas  and  the  tendency  toward  movement  of  manu- 
facturing and  industry  into  sparsely  populated  areas 
makes  the  topic  of  significance  to  a growing  frac- 
tion of  the  country. 

For  meteorological  purposes  the  heat  island 
effect  is  characterized  by  both  direct  (in  situ)  and 
indirect  (circulation  pattern)  variations  when  com- 
pared to  conditions  in  the  surrounding  countryside. 
The  effect  is  directly  measurable  as  a relative  in- 
crease in  air  temperature  within  and  above  the  city. 
This  tendency  is  not  universal — in  some  cases  the 
air  above  a city  may  be  cooler  than  that  in  sur- 
rounding rural  areas.  In  most  large  cities  the  in- 
crease in  air  temperature  is  accompanied  by  ele- 
vated concentrations  of  CO],  trace  gases  and  atmos- 
phenc  particulates.  For  very  large  cities  these 
changes  are  observable  to  heights  of  hundreds 
of  meters  (Bomstein.  1968;  McCormick  and 
Baulch.  1962). 

An  indirect  and  more  subtle  meteorological  effect 
is  manifest  through  altered  flow  patterns  and  venical 
convection  in  urban  areas.  Presumably,  this 


modification  is  the  result  of  air  temperature  changes 
associated  with  urbanization  but  the  change  in  sur- 
face roughness  produced  by  homes  and  buildings 
may  also  have  an  effect  through  modification  of 
vertical  transport  mechanisms  at  low  level.  Changes 
in  flow  patterns  pose  possible  implications  for  local 
cloudiness,  for  dispersion  of  the  urban  air  mass  and 
for  rainfall,  both  in  the  city  proper  and  in  its  sur- 
roundings (Duckworth  and  Sandberg.  1973;  Huff 
and  Vogel,  1978). 

.A  m^jor  limiting  factor  in  the  study  of  the  heat 
island  effect  has  been  the  lack  of  observational 
data  which  clearly  are  relevant  to  the  problem. 
Particularly  limiting  are  the  inability  to  desenbe 
quantitatively  the  areal  extent  and  distnbution  of 
changes  of  air  temperature,  and  the  general  paucity 
of  data  obtained  at  varying  locations  and  under 
varying  atmosphenc  conditions,  including  the 
a.inual  cycle. 

The  Heat  Capacity  Mapping  Mission  [HCMM 
(Goddard  Space  Flight  Center,  1978)],  a small 
•Applications  Explorer  satellite  launched  2b  .Apnl 
1978,  has  obtained  data  suitable  for  heat  island 
studies.  The  satellite  acquires  high-resolution 
thermal  infrared  1 10.5- 12.5  ixm)  data  from  an  orbit 
especially  selected  to  infer  surface  temperatures 
near  the  time  of  Jay  of  the  diurnal  maximum  .Al- 
though surface  temperatures  estimated  from  a radia- 
uon  measurement  are  not  the  same  as  air  tempera- 
tures. they  are  potentially  as  useful  because  they 
provide  an  indication  of  the  surface  heating  effect 
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Sj(;>l::e  overpass  of  the  New  York-New  England  area  showing 
surface  heating  effect  i light  areas!  in  urban  areas. 


at  the  base  of  the  atmosphere.  The  satellite  More  recent  studies  (Carlson  ei  al.,  I®'".  Matson, 
capability  is  discussed  in  the  succeeding  sections,  et  at..  1978)  have  utilized  1 km  spatial  resolution 

satellite  data  acquired  during  mid  morning  and  early 
2.  Dau  characteristics  evening  when  surface  temperature  contrasts  are 

relatively  weak.  High-resolution  HCM.M  data 
From  an  altitude  of  hZO  km  the  HC.MM  satellite  should  prove  useful  for  placement  of  air  monitoring 
acquires  visible  and  infrared  data  at  a spatial  stations  in  cities  and  for  spatial  interpolation 
resolution  of  500  m.  .Although  data  transmission  between  such  sites. 

to  ground  stations  is  in  analog  form,  a high-per-  The  satellite  passes  over  nonhem  midlatitudes 
formance  design  has  demonsiiated  the  capability  in  the  early  afternoon  and  at  approximately  0200  LT. 
to  deliver  temperature  data  with  a noise  equivalent  \ portion  of  an  overpass  at  1330  LT  on  6 June  1978  is 
temperature  of  0 4 K (Bohseefu/..  1979.)  The  re-  displayed  in  Fig.  1.  Standard  image  products  for 
mote  measurements  represent  an  equivalent  black-  the  mission  are  displayed  with  the  convention 
body  temperature  as  modifitd  b>  absorption  and  cold-black,  hot- white.  This  is  contrary  to  the  con- 
reemission  dunng  passage  through  the  intervening  vention  used  for  meteorological  satellite  imagers 
atmosphere,  i e..  a brightness  temperature  given  by  and  results  in  cold  clouds  being  displayed  as  dark, 
(radiance; Stefan  Bolimann  constant)' ' L’nder  most  or  black.  In  Fig.  I dark  patches  in  the  lower  left  and 
conditions  the  variation  of  this  atmospnenc  correc-  speckles  in  the  upper  left  center  correspond  to 
lion  may  be  neglected  over  small  areas  such  as  clouds. 

thatof  a city  and  Its  surroundings  The  development  Man's  influence  on  the  earth's  surface  tempera- 
of  a relationship  between  surface  temperatures,  as  ture  is  stnkingly  evident  in  the  picture.  The  bnght 
obtained  by  remote  observation,  and  a local  air  tern-  areas  represent  regions  of  significant  surt'acc  heat- 
perature  (e.g..  at  2 m height)  IS  a complex  problem,  mg.  New  York  City  and  the  entire  metropolitan 
The  relatively  poor  spatial  resolution  of  early  area  stand  out  clearly  against  the  darker  (cooler) 
meteorological  satellite  data  iRao.  1972)  has  waters  of  the  Atlantic  Ocean.  Central  Park  is 
tended  to  hinder  development  of  such  a relationship,  faintly  visible  as  a dark  stnp  running  down  the 
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center  of  Manhattan  Island.  The  large  cities  along 
the  Connecticut  shoreline  and  the  Hudson  and 
Connecticut  Rivers  are  easily  recognized.  Smaller 
cities  and  even  roads  are  also  apparent,  as  well  as 
many  features  relating  to  surface  geology  and  hydro- 
logical  conditions. 

Weather  at  the  time  of  the  observation  was  clear 
and  bnsk  following  passages  of  a weak  cold  front 
on  the  preceding  afternoon  (5  June).  Through  New 
England  and  eastern  New  York  state  air  tempera- 
ture at  1800  ( MT 1 1 300  EST)  ranged  from  20  to  25*C. 
with  winds  generally  from  the  northwest  at  2-5 
m s'*  e.xccpt  along  the  coast.  The  air  temperatures 
agree  generally  with  satellite  derived  brightness 
temperatures  for  the  rural  areas  in  the  scene.  How- 
ever, a detailed  comparison  is  not  feasible  at  this 
time  because  of  the  spatial  variability  of  satellite 
derived  temperatures  the  need  for  a correction  for 
atmospheric  moisture  ai<  1,  principally,  the  uncer- 
tainty as  to  the  re'.-itionsnip  between  air  tempera- 
ture and  surface  temperature. 

3.  Magnitude  of  the  surface  heat  effect 

Through  analysis  of  the  digital  data  represented 
by  Fig.  I it  is  possible  to  establish  the  extent  and 
magnitude  of  surface  heating  in  a number  of  cities 
compared  with  their  surroundings.  Tire  New  York 
metropolitan  area  is  so  large  that  it  is  difficult  to 
establish  a precise  background  level  for  comparison 
with  values  in  the  city  center.  In  other  cases  the 
determination  of  urban-suburban-country  thresh- 
olds is  reasonably  objective,  requiring  companson 
with  a map  at  a scale  appropriate  to  the  imagery, 
e g.,  1;1  000  000.  The  temperature  contrast  of  a 
number  of  cities  and  towns  with  their  surrounding 
rural  areas  is  given  in  Table  1 . The  contrast  is  based 
on  brightness  blackbody  temperature  as  observed  by 
the  satellite  radiometer. 

.As  one  would  expect,  the  values  for  temperature 
contrast  are  in  rough  agreement  with  the  coite- 
sponding  population  figures.  However,  the  tempera- 
ture excesses  in  large  cities  are  much  higher  than 
values  typical  of  air  temperatures  (which  is  usually 
of  the  orderof  2-4“C).  In  many  cases  the  differences 
exceed  lO’C.  Most  numerical  studies  (Myrup,  I%9) 
have  treated  a city  as  a rough  surface  which  inter- 
acts with  the  atmosphere  in  a manner  similar  to 
vegetation,  rough  soil,  etc.  The  high  values  of  sur- 
face temperature  contrast  suggest  that  a more  com- 
plex desenption  mav  be  necessary  The  highest 
values  oftemperature  contrast  lup  to  l.^T)  in  Table  1 
are  not  necessanly  representative  of  the  heat  island 
effect  as  specified  by  air  temperature.  Wuhin  some 
of  the  larger  cities  a few  U-5)  isolated  points  indi- 
cate temperatures  2-3‘’C  above  ail  other  values. 
These  elevated  temperatures  are  presumed  to  be 
associated  with  power  plants  or  indusrnal  activity 
More  detailed  study,  specifically  ground  truth  ven 


Taslk  I.  Population  (1970)  knd  observed  peak  tempcraiure 
comrsst  of  cities  and  surroundini  areas. 


City 

Popula- 

tion 

(xKXX)) 

Metropolitan 

area 

population 

(xIOOO) 

Temperature 

contrast 

I’O 

New  York.  NY 

7895 

17.0 

Hanford.  CT 

158 

817 

15.0 

Schenectady.  N 

78 

15.0 

Providence.  R1 

179 

720 

13  2 

Binthamton.  NY 

64 

12.4 

Btidiepon.  CT 

I.S7 

12.1 

Worcester.  MA 

177 

637 

11.5 

New  Haven.  CT 

158 

745 

11.2 

Stanford.  CT 

109 

11  2 

Fitchburg.  MA 

43 

11.2 

Syracuse.  NY 

197 

637 

10.9 

Waterbury.  CT 

108 

10.9 

Albany.  NY 

116 

10.3 

Troy.  NY 

62 

10.3 

Pittsfield.  MA 

57 

9.7 

Rome.  NY 

50 

8.9 

Utica.  NY 

91 

8.0 

Barre.  VT 

10 

80 

Montpelier.  VT 

8.6 

6.8 

fication  of  accurately  mapped  HCM.M  data,  will  be 
required  in  order  to  verify  this  hypothesis.  It  is 
apparent,  however,  that  tl  e relative  importance  of 
industry  as  compared  to  urban  population  need  not 
be  the  same  for  air  tempemturc  as  for  remotely 
sensed  surface  temperature. 

Even  after  discounting  the  effect  of  industry  the 
excess  of  urban  surface  temperatures  over  these 
surrounding  areas  is  still  much  greater  than  that  of  air 
temperatures.  This  effect  may  be  die  to  trapping  of 
energy  within  the  "urban  canyon  " (Nunez  and  Oke, 
1977).  The  venical  structure  in  city  centers  provides 
a potential  for  absorption  of  radiation  and  for  heat 
storage  at  a level  beneath  that  of  strong  vertical 


Tmie  ' .\rea  and  excess  radiated  power  from  urban  areas 
l9*C  threshold). 


City 

Area 

(km*) 

Radiated  power 
(kW) 

New  York  Citv  area 

547 

40  000 

Providence 

48  2 

3190 

Hartford 

26.2 

1770 

Schenectady 

5 3 

368 

Sndgepon 

14  2 

9.U 

Syracuse 

6 5 

41’ 

Binghamton 

6 0 

394 

New  Haven  . 

5 8 

372 

Worcester 

5 1 

.Albany 

3 - 

Sunl'ord 

y - 

Fitchburg 

:.  1 

i;i 

Waierburv 

i ; 

'4 

Troy 

. 4 

86 

Ptistield 

0 * 

42 

Rome 

0 5 

2'^ 

730 
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mixing  in  the  atmosphere.  This  hypothesis  can  be 
tested  by  comparison  with  appropriately  taken  air 
temperature  measurements.  The  urban  canyon 
effect  would  tend  to  pioduce  air  temperature 
ma.\ima  in  regions  of  highest  vertical  relief,  by 
inhibiting  exchange  of  radiant  energy  and  thermal 
energy  with  the  atmosphere. 

A second  but  less  likely  explanation  emphasizes 
rooftop  heating  by  the  sun  at  a height  above  the  level 
of  standard  air  temperature  measurements.  This 
mechanism  also  implies  high  radiation  temperatures, 
as  observed  by  the  satellite,  but  lower  air  tempera- 
ture values  near  ground  level.  However,  one  would 
expect  a strong  mixing  interaction  to  extract  energy 
efficiently  from  building  tops  and  transfer  it  to  the 
atmosphere  below. 

For  investigation  of  urban  heating,  the  peak  tem- 
perature is  less  significant  than  a summation  (area 
integral)  of  the  excess  power  radiated  as  a result  of 
the  surface  temperature  elevation.  In  Table  2 the 
area  and  integrated  power  are  listed,  where  an 
arbitrary  threshold  of  9“C  excess  has  been  used  to 
specify  the  urban  area.  (At  300  K 1 K temperature 
increase  results  in  an  increase  in  radiated  power  of 
6 W m"’).  It  is  interesting  to  note  that  Torrance  and 
Shum  (1976)  estimate  the  typical  energy  consump- 
tion rate  in  large  cities  to  be  in  the  range  20-100 
W m"*,  which  is  of  the  order  of  the  excess  energy 
radiated  to  space  in  city  centers  due  to  the  elevation 
of  urban  surface  temperature  over  that  of  the  sur- 
rounding countryside.  Of  course,  the  complete 
energy  budget  is  much  more  complex,  as  most  heat 
generated  by  automobiles,  space  heating  and 
industry  enters  the  environment  as  atmospheric 
wanning  near  ground  level.  However,  by  modifying 
the  temperature  structure  of  the  lower  atmosphere 
this  exhaust  heat  tends  to  reduce  the  venical 
temperature  gradient  and  hence  increase  the  sur- 
face temperature  m urban  areas. 

.■Vlthcugh  the  mechanism  fer  the  satellite-ob- 
served large  elevation  of  urban  surface  temperature 
is  unknown,  the  appearance  in  the  imagery  of  very 
small  towns  in  New  England  points  to  the  great 
sensitivity  of  remote  sensing  for  monitoring  surface 
temperature  anomalies  associated  with  human  habi- 
ution. 


5.  Conclusion 

The  availability  of  high  spatial  resolution  data  in 
the  thermal  infrared  opens  a new  avenue  to  the 
study  of  the  urban  heat  island  effect.  Although  many 
details  must  be  explored  for  a full  understanding  of 
the  significance  of  the  satellite  data,  imagery  such 
as  Fig.  1 illustrates  the  great  potential  utility  of 
the  data.  The  more  recent  launch  of  a NO  A A 
satellite,  TIROS  N,  having  characteristics  very 
similar  to  the  HCMM  radiometer  with  1 km  spatial 
resolution,  1430  LT  overpass  at  midlatitudes 
promises  a continuing  capability  for  study  of  the  heat 
island  effect. 
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RESEARCH  ON  SNOW  AND  ICE 


REnOTE  SENSING  OF  SNOW  AND  ICE 
A.  Rango 

Goddard  Spaca  Fligbt  Cantar,  Greenbalt,  Md. 


Raaota  teasing  aat  becoaa  a valutbla  tool  in 
tnoH  and  ica  studies  because  of  its  unique 
capability  for  acquiring  ■aasureisants  of  glsciol- 
ogical  conditions  over  large  areas  tRango . 

1977).  Two  »ajor  objectives  are  to  davalop 
tachniquas  for  improved  aonitoring  of  existing 
conditions  sod  to  incorporate  the  new  data  into 
various  forecasting  or  aMnagesMnt  sytteas. 

Since  1974,  various  investigators  have  gained 
experience  with  and  developed  techniques  for 
snowcover  interpretation  Iron  visible  and  infra- 
red data  fron  satellites  such  at  Landtat  and 
NOAA.  Numerous  techniques  are  available  for 
analyzing  the  data  ranging  from  simple  photo- 
interpretstion  to  autoeiated  digital  aetbods 
[Schneider,  et  al. , 1976;  Heier  and  Evans . 1975; 
Rango  and  Itten.  1976;  Barnes  and  Smallwood , 

1975;  Dallam  and  Foster.  1975;  Katibah.  1975; 
Luther . et  a^. , 1975;  and  Algaii  and  Suh.  1975). 
In  addition,  the  use  of  Skylab  data  for  snow- 
sapping  has  been  investigated  [Barnes . et  al.  , 
1975;  1977]  with  most  significant  results 
pertaining  to  the  use  of  the  l.55mm  - l.7Smm 
band  for  discriminating  clouds  from  enow 
[Bartolucci , et  ^. , 1975;  Barnes  and  Bowley . 
1977;  and  Valovcin.  1976). 

Radiative  transfer  atodeling  has  been  used  to 
calculate  the  tolar  reflectance  of  snow  and  tc 
ettisutc  the  effect  of  snow  aging  on  reflectance 
[Choudhury  and  Chang,  1978a,  1978b).  O'  Brian 
and  Nunis  [ 1975a  1 have  examined  the  reflectance 
of  snow  at  discrete  visible  and  near  infrared 
wavelengths  with  emphasis  on  affects  due  to 
aging  and  melting 

As  a result  of  the  cxtansi.e  experience  wi.h 
aatellitc  snowcover  data  several  applications 
have  developed.  NOAA  has  established  techniques 
for  using  satellite  imagery  to  detect,  meat"i.-e, 
and  map  mean  sranthly  snowcover  over  the  Northern 
Hemisphere  [Wiesnet  and  .Natson,  1975;  and 


Hatson,  1977).  Regression  antlysis  using  nine 
years  of  data  yielded  several  equations  with 
correlstion  coefficients  significant  enough  to 
have  possible  applications  for  30,  60,  and 
90-day  forecasting  of  seasonal  hemispheric,  and 
continental  snowcover  [Wiesnet  and  Matson. 

1976). 

Rango . et  al . . [1977b]  used  meteorological 
satellite  snow  extent  data  to  derive  a regression 
relationship  between  early  April  anowcovered 
ares  and  April-June  seasonal  yield  on  the  Indus 
River  in  Pskistan.  In  these  large  date-sparse 
regions  the  satellite  snowcover  data  period  of 
record  actually  exceeds  the  conventional  data 
base . 

Thoeffson  [1975]  in  Wyoming  found  that  the 
snowcovared  area  on  a particular  date  was  better 
related  to  the  accumulated  runoff/total  seasonal 
runoff  ratio  than  to  Just  the  seasonal  runoff  in 
a statistically  significant  expression.  A 
long-term  data  base  was  obtained  by  compositing 
aircraft  and  Landsat  snowcover  data  with  result- 
ing analysis  indicating  that  snow  extent  was 
useful  in  reducing  seasonal  runoff  forecast 
error  when  incorporated  into  procedures  to 
update  water  supply  forecasts  in  California  on  a 
IS-day  basis  as  the  iselt  season  progressed 
[Rango , et  a^. , 1977a).  Several  runoff  models 
including  the  Streamflov  Synthesis  and  Reservoir 
Regulation  (SSARR)  sMdel  [Speers,  et  a^,  1979) 
have  options  permitting  the  use  of  snowcover 
input  data  and  variable  elevation  zones  for 
calculating  snowmelt.  In  addition,  several 
hydrologic  models,  although  not  originally 
requiring  snowcover  input,  have  been  stodified  to 
accept  satellite  snow  extent  data  for  the  genera- 
tion of  daily  discharge  values  [Leaf,  1975;  and 
Hannaford.  1977). 

Based  on  promising  results  in  snow  mapping, 
seven  federal  and  three  state  agencies  have  con- 
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duettd  a profraa  to  tait  tht  uatfulaaia  ot  tha 
tatalllta  data  la  oparatlooal  taowmaXt- runoff 
foracaatlnt  [Raaao.  1978].  Botlt  oapirlcal  and 
■odaling  approachat  hava  baan  avaluated  in 
connaction  with  tha  aatalllta  anowcooar  data  In 
four  rationa  of  tha  waatam  U.S.,  naaalp, 

Arlaona  [Schuaann.  197S;  Warakow.  at  al.,  1973; 
and  Kirdar,  at  al.,  1977],  Californla~TBrown  and 
Hannaford.  197sTT  Colorado  fWaahlchack  and 
Mlkaaall.  1973],  and  tha  nocthwaat  atataa 
tlliwart.  1973].  Prallailnary  raaulta  worn 
docuaMntad  fRanto.  1973c]  and  a final  workahop 
will  concluda  the  project  in  April  1979. 

Invaatitatlona  Into  tha  uaa  of  raaMta  aeoaini 
tachnlquea  for  the  aMaauraawnt  of  aora  fundaaan* 
tal  anow  propertiea  are  alao  being  carried  out. 
Tha  uaa  of  vialble  and  near  infrared  wavelangtha 
for  infarrlng  anow  propartida  auch  aa  depth 
fHcOlnnla.  at  al. , 1973a],  water  equivalent 
[Sharp  and  Thoaaa.  1973;  Harry,  et  al . , 1977], 
and  danaicy  fWcHlllan  and  Salth.  1973]  haa  bean 
taated  with  only  liaiited  aucceaa  becauaa  < f the 
reatrictlon  to  aenaing  of  aurface  characteriatica 
at  theae  wave  langtha . OavalopaMot  of  gaaaaa  ray 
techniquaa  for  naaruraaent  of  anow  water  equiva- 
lent haa  alao  continued  [Biaaell.  1973a; 

Fritaache  and  Felaater,  1973] . 

Microwave  ■onitoring  of  anowpack  propertiea 
haa  received  conaiderable  attention  becauae  thia 
portion  of  the  alectroaagnetic  apectcua  haa  the 
capability  for  penetrating  atow  allowing  for 
inference  of  internal  characteriatica.  Satel- 
lite anowcovered  area  loeaaureawnta  have  been 
■ade  uaing  Nimbua  3 [Kunzi  and  Staelin.  1973; 
Kunzi.  et  al . , 1976]  and  Kiabua  6 [Ranio.  et 
ol. , 1979]  radiooMtera.  Several  other  paaaive 
aiicrowave  atudiea  have  covered  the  modeling  of 
microwave  eaiaaion  from  anow  [Chang  and 
Oloeraan.  1973;  Chang . et  al. , 1976;  Zwally . 

1977] ,  compariaofl  of  model  calculations  and 
aatel  ite  obaerved  brlghtneza  teo!peraturea  from 
polar  Jim  [Chang  and  Choudhury . 1978;  and 
Chang,  et  al . , 1978],  development  of  a method  to 
datemine  anowfxeld  temperature  protile  and  mean 
cryatal  aize  by  uaing  multifrequency  microwave 
radiometer  meaauremenca  [Chang.  1978],  and 
correlation  of  microwave  eaiaaion  to  water 
equivalent,  depth,  and  free  water  content  [R.T. 
Hall,  et  al. , 1978  and  Shiue.  et  al . , 1978]. 

For  dry  anow  conditiona  on  the  high  plaina 
aignificant  relationahipa  between  anow  depth  or 
water  equivalent  and  microwave  brigbtneaa  teo^iec- 
ature  were  developed  [Rango.  et  al . , 1979]. 
Aaaociated  active  microwave  and  anow  atudiaa 
have  included  modeling  of  the  alectroaugnetic 
reflection  from  anow  [Linlor  and  Jiracek.  1973; 
and  Linlor.  1976]  and  analyain  of  data  from 
experiacncal  ground-baaed  meaaurement  programa 
[Angelakoa.  1977;  Ellerbruch.  at  al. , 1977; 
Linlor.  et  al. , 1977;  Angelakoa.  1978;  Ulaby. 
1976;  Ulaby  and  Stilea . 1977;  and  Ulaby , et  al. . 

1978] . 

Landaat  imagea  hava  proved  to  be  very  uaeful 
for  collecting  certain  baaic  data  from  gliciera, 
for  example,  long  term  aurface  velocitiea  are 
readily  dateimined  by  coaipariaon  of  diaplacement 
on  imagea  taken  at  different  timea  [Krimmel  and 
Haiar . 1973].  Surging  glaciera  are  eaaily 
idantifiad  and  their  aaaociated  abort  terra  high 
flow  ratea  have  bean  meaaurad  in  varioua  loca- 
tiona  [Krimmel . et  al.  , 1976;  Poat.  et  al.. 


1976;  and  Holer,  1976].  Large  glaciera  and 
icacapa  have  alao  been  monitored  [Williama . 

1976].  The  location  of  the  anowlina  on  a glacier 
can  eaaily  be  mapped  with  Landaat  and  when 
obaerved  at  tha  end  of  tha  melt  aaaaon  can  be 
related  to  tha  annual  nat  oMae  balance  [Braalau 
and  Buaaom.  1979].  Under  direction  of  tha  U.S. 
ecological  Survey,  Landaat  ia  being  uaed 
currently  to  compile  a worldwide  glacier  atlaa. 

Formation  and  diaaipation  of  river  ice  on  the 
Ottawa  River  waa  monitored  daily  uaing  vlaible 
ioMgery  from  KOAA  aatellitea.  The  break-up  of 
14  ica-coverad  raachaa  waa  obaerved  during  the 
melt  period  in  April  1976  fMcClnnia  and 
Schneider.  1978a].  Radar  monitoring  of  river 
ice  providaa  an  all  weather  capability  during 
cloudy  perioda  and  waa  teated  on  the  St.  Lawrence 
River.  A contour  map  ahowing  the  accumulation 
pattern  of  frazil  and  braah  ice  waa  obtained 
[Dean.  1977]. 

Viaibla  and  near  infrared  obaervationa  over 
the  Great  Lakaa  have  been  uaed  with  reaaonable 
aucceaa  for  mapping  ice  cover  and  type  [Sydor. 
1976;  and  McMillan  and  Foravth.  1976].  However, 
for  operational  purpoaea  cloud  cover  ia  a aigni- 
ficant problem,  and  aa  a reault,  Side- 
Looking  Airborne  Radar  (SLAR)  haa  been  uaed 
aucceaafully  for  ice  monitoring  purpoaea 
[Schertler.  et  al. , 1975].  Additional  atudiea 
were  conducted  Tiryan  and  Laraon.  1975]  and 
propertiea  of  frozen  northern  lakea  [Weeka . et 
al.,  1977],  ~ 

Radar  atudiea  on  Alaakan  lakea  Indicate  chat 
diacriminat' on  between  lakea  frozen  coaipletely 
to  the  bottom  veraua  lakea  with  freah  water 
beneath  the  ice  ia  poaaible,  thua  providing 
additional  information  on  lake  depth  [Sellmaa. 
et  ad.,  1975;  and  Elachi . et  al. , 1976].  The 
meaaurement  of  lake  ice  thickneaa  waa  accompli- 
ahed  uaing  a ahort-pulae  radar  ayatem  which  can 
be  ground-baaed  or  airborne  [Cooper,  et  il . , 
1976].  Monitoring  of  lake  ice  uaing  paaaive 
microwavea  haa  alao  been  inveatigatad  [Bryan  and 
Hall.  1976],  and  it  appeari  that  ice  thickneaa 
variationa  can  be  diatinguiabed  [D.K.  Hall  and 
Bryan.  1977;  and  D.K.  Hall.  « al. , 197817 

The  uae  of  remote  aenaing  in  aea  ice  studies 
is  directed  coward  answering  fundasiencal  quea- 
tiona  regarding  amount  of  ice  covered  ocean,  ice 
moveoMnt,  and  ice  formation  and  ablation.  Data 
generated  by  remote  aenaing  ia  uaed  in  deter- 
mining Che  influence  of  aea  ice  on  atmospheric 
and  oceanic  processes.  It  seems  fortunate  that 
the  current  increase  in  scientific  interest 
about  aea  ice  coincides  with  a time  of  rapid 
evolution  of  both  remote  sensing  platforms  and 
sensors.  Camjjbell,  at  al.  , [1975]  present  an 
overview  of  meaoacalc  and  macroscale  studies  of 
floating  ice  in  three  sensor  categories:  visual, 

passive  microwave,  and  active  microwave. 

Using  visible  satellite  imagery  the  primary 
advances  have  been  in  tracking  ice  floe  movement 
using  sequential  imagery  [Campbell . 1976a; 

Hibler,  et  al. , 1975;  Shapiro  and  Burns . 1975; 
and  Campbell.  1977],  ice  lead  and  polynya  dyna- 
mics [Caawbell.  1976b],  seasonal  sea  ice 
metamorphoaia  [Caawbell.  1976c],  and  dynamics  of 
ice  shear  zones  [Campbell.  1976d].  A statistical 
method  for  diacriminating  sea  ice  from  clouds 
with  90  percent  or  greattr  accuracy  haa  been 
developed  [Gerson  and  Roaenfeld . 1973].  Visible 
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iMt*ry  hai  baaa  utad  to  coaplla  statiatlc*  oa 
Ice  cooditlona  for  applicationa  aucb  aa  off-abcra 
oil  aad  faa  exploraCioa  fBarnaa,  at  al. , 1977). 

In  addition  viaibla  and  theraal  iaatary  have 
bean  uaad  for  aatlMtlona  of  aaa  lea  tbleknaaa, 
altbougb  cbe  preaanca  of  anowcovar  may  cauaa  a 
Uaitation  to  ralativa  aaounta  only  [Poulin. 

1975;  Hall,  1975:  Kuto,  at  al. , 1975; 
LaScback,  1975:  and  Hotbrock.  1975). 

The  advantage  of  alcrowava  obaarvationa  of 
aaa  ice  raata  in  tha  capabilitiai  to  penetrate 
clouda  and  to  aaka  obaarvationa  during  tha  polar 
nigbt.  In  the  Beaufort  Sea  five  ica  lonaa  ware 
diacriainatad  uaing  aircraft  aultiapactral 
paaaiva  aicrovava  obaarvationa  fCaapball.  at 
a^. . 1976].  Brightneaa  taaparatura  lavela  and 
relative  fluctuation!  are  uaad  to  diatinguiab 
batvean  aborefaat  aaa  ice,  abaar  xona,  alxad 
firat-yaar  and  aulti-yaar  aaa  ica,  aixed  firat- 
year  ica  and  aediua  to  large  aulti-yaar  float, 
and  tba  polar  ica  zona,  lha  radioaMtric  aigna- 
turaa  are  aoat  pronounced  at  0.8  and  1.5  ca 
wavelength  [Caapball.  at  al. , 1976).  Tha  tiae 
variation  of  tea  ice  coocentration  aad  axilti* 
year  ice  fraction  within  pack  ice  in  the  Arctic 
Batin  wat  exaainad  uting  tba  1.55  ca  radiotwcar 


on  tba  Miabut  5 apacecraft  [Gloartan.  et  al., 
1978]  with  aignificant  variationt  between  taatoot 
being  obaarvad.  Pravioualy  unobtarvad  araai, 
aavaral  hundred  kiloaMtara  in  axtent,  of  tea  ice 
concentration  aa  low  aa  50  percent  vara  dit- 
covarad  deep  in  tba  interior  of  the  Arctic  polar 
aaa  ica  pack.  Sea  ice  obaarvationa  by  Hiabua  3 
in  tba  polar  regiona  are  reviewed  by  Zwally  and 
Cloaraan  (1977). 

Active  aicrowava  atudlaa  of  aaa  ica  have 
abown  tha  capability  of  aynthacxc  aparature 
radar  for  diaplaying  the  orientation  of  leada  in 
tba  ice  and  tba  percentage  of  open  water  in  the 
entire  tea  ica  acana  [Bryan,  at  al. , 1977). 
ExpariManta  with  radar  tcatteroaetart  indicate 
that  variout  typat  of  tea  ica  eatagoriet  can  be 
diatinguitbad  with  about  an  87  percent  correct 
identification  accuracy  at  the  13.3  GH  frequency 
[Paraahar.  at  al. , 1977].  The  profiling  of  aaa 
ica  thicknaaa  baa  alao  bean  attaaptad  uaing  an 
lapulaa  radar  [Wo ray.  1975].  A large  variety  of 
active  and  paaaiva  aicrowave  aeaaureaanta  of  aaa 
ice  were  aada  aa  part  of  the  Wain  Arctic  Ice 
Oynaaica  Joint  Bxperiaant  1975-1976  (Caapbell. 
at  al.,  1978]. 
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Rtprinted  from  the  Specialty  Conference  on 
tRRlCA  ‘ ION  AND  DRAINAGE  IN  THE  NINETEEN-EIGHTIES 
/.  CE/Albu^uerque.  New  MexicolJuly  17-20,  1979 


SEASONAL  AND  DAILY  SNOWMELT  RUNOFF  ESTIMATES  UTILIZING 
SATELLITE  DATA 

By  Albert  Rango 
ABSTRACT 

For  effective  water  management  both  seasonal  (volu- 
metric) and  short-term  runoff  forecasts  are  required. 
Satellite-derived  snowcovered  area  data  have  been  found  to 
be  useful  information  for  aiding  in  these  forecasts. 
Regression  approaches  incorporating  snowcovered  area  data 
have  been  found  to  be  successful  in  reducing  error  in 
seasonal  forecasts  on  certain  watersheds.  Methods  using 
snowcovered  area  to  update  seasonal  forecasts  as  snowmelt 
progresses  are  also  being  used  in  quasi -ope rational  situa- 
tions. The  input  of  snowcovered  area  to  snowmelt  models 
for  shor-  term  predictions  has  been  attempted  in  two  ways; 
namely,  the  modification  of  existing  hydrologic  models  and/ 
or  the  use  of  models  that  were  specifically  designed  to 
us*^  snowcovered  area.  A daily  snowmelt  runoff  model  has 
>'  in  used  with  Landsat  data  to  simulate  discharge  on  remote 
basins  in  the  Wind  River  Mountains  of  Wyoming.  Daily 
predicted  and  actual  flows  compare  closely,  and,  summarized 
over  the  entire  c-nowmelt  season  (April  1 - September  30)  , 
the  average  difference  is  only  three  percent.  The  model 
and  snowcovered  area  data  are  currently  being  tested  on 
additional  watersheds  to  determine  the  method's  transfer- 
ability. 
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PILOT  TESTS  OF  SATELLITE  SNOWCOVER/RUNOFF  636-78 

FORECASTING  SYSTEMS  \! 

By 

Allert  Rango 


Background 

Since  1972  when  Landsat-l  and  NOAA-2  »iere  launched,  apeculatlon  that  high  resolu- 
tion aatelllte  data  could  be  used  to  neasure  anowcovered  area  and,  enbsequent ly , tc  assist 
In  runoff  prediction  has  been  optimistically  proposed  (SalaeKmaon  and  Rango,  1974).  The 
use  of  photographic  methods  for  Interpreting  snowcovered  area  has  been  favored  over  digital 
methods,  and  a handbook  describing  the  various  snowcover  photolnterpretive  methods  has 
been  complied  (Barnes  and  Bowley,  1974).  Various  snowcover  analysis  techniques,  successful 
In  different  areas,  have  been  reported  at  a workshop  at  Lake  Tahoe  (Rango,  1975). 

Although  methods  for  extracting  snowcover  Information  from  aatelllte  data  are  now 
well  catabllahed,  the  means  by  which  snowcovered  area  data  can  be  used  for  runoff  predic- 
tion are  still  being  developed.  Using  long-term  meteorological  satellite  data,  Rango, 
Salomonaon,  and  Foster  (1977)  demonstrated  that  anowcovered  area  at  a particular  point 
aarly  In  the  snowmelt  season  la  highly  correlated  with  seasonal  streamflow.  Various  Inves- 
tigators are  wm  exploring  means  by  which  remotely-sensed  snowcovered  area  data  can  most 
effectively  be  used  In  runoff  prediction.  In  order  to  assure  a thorough  test  directly  ap- 
plicable to  water  resources  users,  NASA  entered  Into  a cooperative,  quasl-operatlonal , 
four-year  test  program  with  various  agencies  In  four  major  Western  U.S.  snow  rones.  This 
project,  entitled  "Operational  Applications  of  Satellite  Snowcover  Observations"  (OASSO), 
la  part  of  NASA's  Applications  Systems  Verification  and  Transfer  (ASVT)  program  designed  to 
demonstrate  and  teat  the  usefulness  of  developing  technology  In  reoiote  sensing. 


y Presented  at  the  Weutem  Snow  Conference,  April  18-20,  1978,  Otter  Rock,  Oregon. 

2/  Senior  Research  Hydrologist,  NASA/Coddard  Space  Flight  Center,  Greenbelt,  Maryland. 

"Reprinted  Western  Snow  Conference  1978" 
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NASA  Technical  Memorandum  79713  February  1979. 


REMOTE  SENSING  OF  SNOW  AND  ICE: 

A REVIEW  OF  RESEARCH  IN  THE  UNITED  STATES  1975-1978* 

Albert  Range 

Laboratory  for  Atmospheric  Sciences  (GLAS) 

ABSTRACT 

Research  work  in  the  United  States  from  1975-1978  in  the  field  of  remote 
sensing  of  snow  and  ice  is  reviewed.  Topics  covered  include  snowcover  map- 
ping, snowmelt  runolT  forecasting,  demonstration  projects,  snow  water 
equivalent  and  free  water  content  determination,  glaciers,  river  and  lake  ice, 
and  sea  ice.  A bibliography  of  200  references  is  included. 


*Contribution  to  the  Report  of  the  U.S.  National  Committee  to  the  International  Union  of  Geodesy 
and  Geophysics  (lUGG)  for  the  1975-1978  lUGG  Quadrennial  Report. 
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I N8l-2l69y^^ 


Nordic  Hydrology,  10,  1979,  25-40 

No  *on  m»y  b>  ripro<»ci<  by  tmy  pranu  wNkoiM  coiploo  rafmnct 


The  Utilization  of 

Spacebome  Microwave  Radiometers 
for  Monitoring  Snowpack  Properties 

A.  Range,  A.  T.  C.  Chang,  and  J.  L Foatar 

Goddard  Space  Flight  Center,  Greenbelt,  Maryland,  U.S.A. 


Snow  accumulation  and  depletion  at  specific  locations  can  be  monitored  from 
space  by  observing  related  variations  in  microwave  brightness  temperatures. 
Using  vertically  and  horizontally  polarized  brightness  temperatures  from  the 
Nimbus  6 Electrically  Scanning  Microwave  Radiometer,  a discriminant  func- 
tion can  be  used  to  separate  snow  from  no  snow  areas  and  map  snowcovered 
area  on  a continental  basis.  For  dry  snow  conditions  on  the  Canadian  high 
plains  significant  relationships  between  snow  depth  or  water  equivalent  and 
microwave  brightness  temperature  were  developed  which  could  permit 
remote  determination  of  these  snow  properties  after  acquisition  of  a wider 
range  of  data.  The  presence  of  melt  water  in  the  snowpack  causes  a marked 
increase  in  brightness  temperature  which  can  be  used  to  predict  snowpack 
priming  and  timing  of  runoff.  As  the  resolutions  of  satellite  microwave  sensors 
improve  the  application  of  these  results  to  snow  hydrology  problems  should 
increase. 


Introduction 

Runoff  from  melting  snow  provides  greater  than  65%  of  the  total  streamflow 
across  most  of  the  mountainous  western  United  States.  The  characterization  of 
the  snowpack  through  various  types  of  physical  measurements  allows  for  the 
prediction  of  snowmelt  runoff  and  better  multipurpose  management  of  the  scarce 
water  supply.  In  the  upper  midwest  United  States  and  the  Canadian  high  plains, 
knowledge  of  snowpack  characteristics  is  extremely  valuable  for  flood  forecasting 
purposes  in  the  early  spring. 
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In  order  to  adequately  monitor  the  snow  resource  for  runoff  prediction  reasons, 
the  measurement  of  various  parameters  is  critical,  namely,  snowcovered  area 
(SCA),  depth,  density,  snow  water  equivalent  (S>,),  and  free  water  content.  In 
addition  to  the  snow  properties,  the  condition  of  the  underlying  soil  is  especially 
significant  for  estimating  the  amount  of  snowmelt  water  that  will  reach  the  stream 
channel  as  runoff.  Historically,  most  snow  measurement  in  the  western  United 
States  has  dealt  with  depth,  density,  and  5^  observations  at  pre-located  snow 
courses  on  or  near  the  beginning  of  each  month  from  approximately  February 
through  May.  A shifting  emphasis  in  forecast  needs  from  seasonal  streamflow  to 
short  term  runoff  estimates  in  recent  years  has  seen  a movement  to  continuous 
automatic  monitoring  of  5^at  many  locations.  The  telemetering  of  these  data  in 
real  time  through  conventional  "line  of  sight"  radio,  meteor  burst,  and  satellite 
transmissions  has  increased  the  use  of  snowmelt  models  for  runoff  forecasting. 

Conventional  Sn  measurements  are  representative  of  a given  point  in  a water- 
shed, and  seldom  are  there  more  than  a few  point  measurements  in  a specific 
basin.  The  regression  analysis  approach  to  seasonal  streamflow  forecasting 
somewhat  compensates  for  this  dcf'ciency  by  treating  the  Sn  measurements  as 
indicies.  When  the  same  data  are  used  in  models,  however,  the  point  measure- 
ments are  assumed  to  be  representative  of  large  sub  basin  areas  or  the  entire 
watershed.  Such  assumptions  can  be  false  and,  as  a result,  the  watershed  models 
can  be  calibrated  using  erroneous  information.  This  consequently  may  lead  to 
model  outputs  that  are  significantly  in  error  in  specific  situations. 

Remote  sensing  may  provide  data  more  compatible  to  model  operation  because 
of  the  capability  to  make  measurements  over  the  entire  watershed  ared.  A true 
indication  of  snow  character  over  the  entire  watershed  could  then  be  more 
logically  obtained  from  these  measurements.  SCA  measurement  is  a particularly 
good  example  because,  during  snowmelt,  the  area  covered  by  snow  indicates  the 
portion  of  the  watershed  that  can  potentially  contribute  melt  water  for  runoff.  If 
energy  balance  or  degree  day  techniques  are  being  used  to  forecast  snowmelt,  the 
SCA  data  define  the  zones  of  the  watershed  where  the  respective  equations 
should  be  applied.  A model  developed  by  Martinec  (1975)  requires  SCA  as  the 
major  snow  input  parameter,  and  simulated  hydrographs  using  this  model  have 
closely  matched  actual  hydrographs. 

Since  1973  SCA  has  been  successfully  mapped  from  space  using  Landsat  and 
NOAA  satellites  by  various  investigators  (Rango  1975).  A cooperative  demon- 
stration project  is  currently  being  conducted  in  which  several  western  United 
States  w ater  management  agencies  are  using  the  satellite-derived  SCA  in  a quasi- 
operational  mode  for  runoff  predictions  (Rango  1978).  At  present,  the  most 
desirable  SCA  technique  involves  the  combined  use  of  the  high  resolution,  low 
frequency-of-coverage  Landsat  data  and  the  low  resolution,  high  frequency-of- 
coverage  NOAA  data.  Once  a sufficient  SCA  data  base  is  acquired  and  appropri- 
ate techniques  developed  and  documented  for  incorporating  SCA  into  runoff 


prediction,  operational  use  of  SC  A by  water  management  agencies  should  result. 

A remote  sensing  technique  to  estimate  snow  depth  or  Sn  over  an  entire  basin 
would  add  considerably  to  the  already  existing  SCA  capability.  Alone  such  a 
technique  would  provide  much  more  detailed  knowledge  of  the  snowpack  in  both 
mountainous  and  flatland  basins  for  runoff  prediction  purposes.  Combined  with 
SCA,  a large  area  estimate  of  total  snow  volume  would  be  possible.  Such  an 
estimate  would  specify  the  maximum  potential  of  snow  water  production  and  also 
locate  that  water  in  relation  to  the  various  elevation  zones  or  sub  basins  of  the 
watershed. 

In  order  to  measure  snow  depth  or  5 a sensor  that  measures  sub  surface,  as 
opposed  to  solely  surface,  features  is  required.  Radiometers  sensitive  to  micro- 
wave  energy  emitted  by  the  earth's  surfrice  and  other  natural  objects  such  as  snow 
can  be  used.  Depending  on  the  actual  wavelength  of  the  sensor,  the  observed 
radiation  can  come  from  the  underlying  soil,  snow,  and  atmosphere.  The  objec- 
tive when  using  passive  microwave  radiometers  is  to  measure  the  emitted 
microwave  radiation,  expressed  as  brightness  temperature,  and  infer  the  charac- 
teristics of  the  snowpack.  The  use  of  radiometers  at  several  wavelengths  may  be 
necessary  to  separate  the  emission  of  the  snow  from  the  soil. 

The  microwave  energy  emitted  from  the  earth's  surface  at  0.81  cm,  for 
example,  depends  upon  the  earth's  physical  temperature  and  emissivity  (the 
product  of  which  equals  the  microwave  brigtness  temperature).  The  emissivity 
may  vary  due  to  changes  in  the  dielectric  constant  of  the  emitting  surface:  the 
emissivity  for  watei  is  typically  0.4  and  that  for  the  earth's  surface  0.85  or  greater. 
The  emitted  microwave  energy  results  in  low  brightness  temperatures  of  120  to 
170  K for  data  recorded  over  water  and  high  brightness  temperatures  of  215  to  300 
K over  land.  The  dielectric  constant  for  snow  is  usually  lower  than  that  of  dry  soil 
and  the  scattering  characteristics  of  snow  particles  (Chang  et  al.  1976)  will  reduce 
the  brightness  temperature  further,  thus  providing  the  needed  contrast  in  the 
brightness  temperature  range  for  snow  field  monitoring. 

Radiation  from  dry  snow  is  strongly  influenced  by  crystal  or  grain  size  because 
the  radiation  emitted  by  the  snowpack  is  scattered  on  its  way  to  the  surface  by  the 
snow  grains.  Since  most  of  the  radiation  emitted  at  short  wavelengths  (about  1 
cm)  comes  from  depths  on  the  order  of  meters  (Zwally  and  Gloersen  1977).  the 
depth  of  snow  (and  thus  the  number  of  potential  scatterers)  also  affects  the 
brightness  temperature.  Larger  grain  sizes  cause  more  scattering  resulting  in  a 
lower  emissivity.  In  an  area,  however,  that  produces  snow  grains  of  similar  size 
from  year  to  year  because  of  similar  winter  climatic  conditions,  the  microwave 
emissivity  should  provide  an  indication  of  the  relative  snow  accumulation  in  that 
location.  The  onset  of  melting  which  produces  liquid  water  in  the  snowpack 
radically  alters  the  snow  emissivity.  The  water  coats  the  snow  grains  and  causes  a 
significant  increase  in  internal  absorption  of  the  microwave  radiation,  and,  as  a 
result,  causes  an  increase  in  the  snow  emissivity. 
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Passive  microwave  data  from  space  have  been  available  since  December  1972 
when  Nimbus  5 was  launched  with  the  Electrically  Scanning  Microwave  Radio- 
meter (ESMR)  onboard  sensing  at  the  1.S5  cm  wavelength.  The  ESMR  on 
Nimbus  S scans  through  an  angle  ±50”  in  a plane  perpendicular  to  the  orbital  path 
of  the  spacecraft  and  is  designed  to  measure  only  the  horizontally  polarized 
component  of  the  microwave  radiation.  Further  data  became  available  in  June 
1975  with  the  launch  of  Nimbus  6 with  an  ESMR  instrument  capable  of  receiving 
dual-polarized  microwave  radiation  from  the  earth  at  0.81  cm  wavelength.  The 
Nimbus  6 instrument  scans  the  earth  every  five  and  one-third  seconds  from  35”  to 
the  right  to  35°  to  the  left  about  the  forward  direction  with  a constant  incidence 
angle  of  approximately  50°  at  the  earth's  surface.  The  spatial  resolution  is  about 
20  km  cross-track  and  35  km  down-track  with  the  noise  equivalent  temperature 
for  the  radiometer  about  2 K.  Frequency  of  coverage  from  the  Nimbus  5 and  6 
ESMR  instruments  varies  depending  on  latitude,  but  on  the  average  is  approxima- 
tely once  every  24  hours  for  Nimbus  5 and  once  every  48  hours. for  Nimbus  6.  Of 
course  the  m^or  drawback  of  these  sensors  for  snow  hydrology  application  is  the 
poor  resolution  of  about  25  km.  A secondary  drawback  is  the  limited  spectral 
coverage  provided.  The  data  have  been  examined,  however,  for  pertinence  to 
future  sensors  that  will  in  all  probability  be  more  applicable  because  of  projected 
increases  in  spatial  resolution  and  number  of  spectral  intervals.  Improvement  in 
spectral  coverage  is  already  available.  A five  channel,  dual  polarized  Scanning 
Multichannel  Microwave  Radiometer  (SMMR)  was  launched  on  Nimbus  7 in 
1978.  Observations  are  made  at  4.5.*',  2.81,  1.67,  1.43,  and  0.81  cm;  however, 
resolution  at  the  shortest  wavelength  is  still  not  less  than  20  km,  and  at  the  long 
wavelengths  it  is  much  larger  (Gloersen  and  Baraih  1977).  But  it  is  expected  that 
within  5-10  years  the  utilization  of  large  antennas  in  space  will  permit  resolutions 
in  the  short  wavelengths  to  be  reduced  to  about  1 km.  The  use  of  larger  antennas 
and  development  of  improved  state-of-the-art  radiometers  should  permit  the  noise 
equivalent  temperature  to  remain  the  same  or  even  improve  some  as  the  resolu- 
tion is  improved.  With  the  possibility  of  such  forthcoming  advances,  valua'ole 
information  for  the  application  of  microwave  data  to  snow  hydrology  should  be 
obtained  from  the  analysis  of  existing  spaceborne  ESMR  data. 


Rolattd  RtMarch 

The  theory  of  passive  microwave  emission  from  snow  and  ice  has  been  the 
subject  of  severa'  studies  (Chang  and  Gloersen  1975;  Chang  et  al.  1976;  Zwally, 
1977;  Chang  and  Choudhury  1978;  and  Chang  1978),  and  the  relation  of  the 
microwave  theory  to  actual  satellite  microwave  observations  in  the  polar  regions 
was  examined  by  Zwally  and  Gloersen  (1977).  In  dealing  with  applications  to 


•now  hydrology,  Meier  (1972)  indicates  that  monitoring  of  passive  microwave 
emission  has  a great  potential  for  measuring  areas  coveretfby  snow.  The  snowline 
on  Mt.  Ranier  defined  using  the  270  K brightness  temperature  on  a microwave 
image  compared  favorably  with  the  snowline  mapi^ied  from  aerial  photography. 
Ktlnzi  and  Staelin  (197S)  have  used  the  microwave  spectrometer  on  Nimbus  S to 
measure  snowcovered  area.  Subsequent  comparison  with  snowcover  data  for  the 
northern  hemisphere  obtained  by  NOAA  visible  sensors  has  indicated  generally 
good  agreement,  with  the  Nimbus  5 maps  usually  showing  a smaller  snowcovered 
area.  Measurement  of  natural  and  artificial  siiowpacks  in  Orego.i  at  sevei^l 
wavelengths  (Meier  and  Edgerton  1971)  revealed  relationships  that  show  a 
pronounced  decrease  in  brightness  temperature  with  increasing  snow  mass  (water 
equivalent)  for  dry  snow.  In  this  same  study  a rapid  increase  in  brightness 
temperature  of  about  70  K was  observed  as  the  snow  changed  from  a dry  to  a wet 
condition  with  only  about  one  percent  liquid  water.  An  experiment  in  Colorado 
with  a four  frequency,  dual  polarized  radiometer  system  mounted  on  a truck 
platform  produced  data  showing  a similar  inverse  relationship  between  brightness 
temperature  and  S„  (Shiuc  et  al.  1978).  Further  confirmation  of  this  qualitative 
relationship  is  indicated  by  results  from  an  aircraft  measurement  program  in 
Colorado  using  multichannel  microwave  radiometers  over  varying  snow  condi- 
tions (Hall  et  al.  1978).  The  aircraft  data  have  also  shown  about  a 60  K rise  in 
brightness  temperature  when  liquid  water  is  present  in  the  snowpack.  Detailed 
ground-based  multichannel  radiometer  measurements  made  in  Switzerland 
(Schanda  et  al.  1978)  h&ve  provided  a means  for  classifying  dry  snow,  ice 
surfaces,  and  wet  snow  with  a separation  of  wet  snow  into  two  moisture  grades  a 
possibility.  All  these  multichannel  microwave  measurements  have  direct  perti- 
nence to  eventual  interpretation  of  the  SMMR  data. 


InvMtigation  Procadur* 

The  general  objective  of  this  study  was  to  evaluate  the  use  of  spacebome 
microwave  data  for  monitoring  snowpack  characteristics  useful  in  hydrology  and 
climatology.  Specifically  the  investigation  was  designed  to  compare  snow  accu- 
mulation und  depletion  data  at  several  National  Weather  Service  '^NWS)  stations 
with  variations  in  ESMR  6 brightness  temperatures  over  a six-month  period  to  see 
if  comparable  trends  were  evident.  Further,  the  feasibility  of  developing  a 
statistical  technique  to  objectively  separate  snowcovered  from  snowfree  areas 
was  explored  and  applied  to  snow  mapping  of  the  North  American  continent.  In 
order  to  determine  if  a relationship  between  ESMR  5 or  6 data  and  snow  depth  (or 
water  equivalent)  existed,  regression  analyses  were  carried  out  using  point  data 
over  a large  area  and  then  for  a smaller  homogeneous  region.  Data  acquisition 


during  melting  snow  conditions  was  also  attempted  so  that  the  effect  of  free  water 
in  the  snowpack  on  any  relationships  could  be  assessed. 

The  primary  remote  sensing  data  source  in  this  study  was  Nimbus  6 ESMR 
data.  Digital  brightness  temperatures  of  both  horizontal  and  vertical  polarization 
were  available  and  used  in  all  phases  of  the  study.  In  addition,  Nimbus  S ESMR 
data  in  a similar  format  were  used  in  the  microwave/snow  lepth  correlation 
studies.  Conventional  daily  snow  depth  data  were  obtained  from  the  NWS 
publication  "Climatological  Data"  for  selected  stations  in  the  northern  United 
States.  In  addition  snow  depth  and  water  equivalent  measurements  on  an  irregu- 
lar basis  were  available  for  Alberta  and  Saskatchewan  observing  statioi's  from  the 
Atmo$r:<eric  Environment  Service,  Environment  Canada.  For  comparison  pur- 
poses northern  hemisphere  snow  and  ice  boundary  maps  published  weekly  by 
NOAA’s  National  Environmental  Satellite  Service  (NESS)  and  derived  from 
observations  ma'^t  by  NOAA-4  and  synchronous  meteorologicai  satellites  were 
also  obtained. 

The  accumulation  and  depletion  of  snow  as  compared  to  brightness  tempera- 
ture variations  was  studied  for  the  following  NOAA  NWS  reporting  stations; 
Lafayette,  Indiana;  Urbana,  Illinois;  and  Bismarck  and  Williston,  North  Dakota. 
A discriminant  analysis  interpretation  of  snowcovered  area  using  ESMR  data  was 
carried  out  over  the  48  conterminuous  United  States  and  large  portions  of 
Canada,  specifically,  an  area  bounded  in  latitude  by  25°N  to  65‘’N  and  in  longitude 
by  60®W  to  130°W.  Snow  depth  and  brightness  temperature  correlations  were  run 
for  data  from  the  four  NWS  stations  previously  mentioned,  but  a detailed  study 
was  also  conducted  over  a region  of  relatively  homogeneous  vegetation  and 
topography  on  the  Canadian  high  plains.  This  area  includes  the  southern  portions 
of  Alberta  and  Saskatchewan  and  is  bounded  in  latitude  by  49”N  to  SB^SG'N  and  ii. 
longitude  by  103°W  to  1 14*W. 


RMuRa 

Snow  AecumulaUon  and  Daplatlon 

Comparison  of  snow  accumulation  and  microwave  changes  from  1 November 
1975  to  30  April  1976  at  Lafayette,  Indiana  and  Urbana,  Illinois  indicated  a 
general  but  weak  inverse  variation  between  snow  depth  and  ESMR-6  brightness 
temperature.  Little  snow'  accumulation  was  evident  during  this  winter  season  (no 
more  than  12. S cm  at  any  time)  and  the  snowcover  did  not  last  for  more  than  10 
days  at  a time.  Under  these  shallow  snow  conditions,  the  brightness  temperature 
variation  due  to  the  snow  layer  could  not  be  easily  separated  from  the  effects  of 
soil  moisiure,  surface  roughness,  and  vegeution  cover. 

The  snow  conditions  for  the  1973-1976  winter  in  North  Dakota  differed  con'i- 
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Fig.  I . Snow  ^cumulation  and  Nimbus  6 ESMR  horizontally  polarized 
brightness  temperature  data  (1975-1976)  for  Williston,  North 
Dakota,  U.S.A. 

derably  from  the  Lafayette  and  Urbana  sites.  From  25  November  1975  to  20 
M,u'ch  1976,  the  Wil!»ston,  North  Dakota  site  was  completely  covered  with  snow 
while  Bismarck,  North  Dakota  was  snowcovered  three-quarters  of  the  time. 
Figure  1 shows  the  brightness  temperature  and  snow  depth  variation  for  Willi- 
ston. 

llie  measured  brightness  temperatures  (horizontal  polarization)  for  the  Willi- 
ston area  were  between  190  and  210  K and  the  snow  depths  were  between  20  cm 
and  40  cm  in  the  month  of  January,  1976.  During  the  same  period,  the  brightness 
temperatures  were  between  208  and  220  K with  7.5  cm  to  17.5  cm  of  snow  depth 
in  the  Bismarck  area.  This  low  brightness  temperature  is  probably  due  to  the 
effect  of  volume  scat'ering  of  the  snow  grains  (Chang  et  al.  1976).  By  comparing 
the  snow  accumulation  of  'he  two  sites  in  North  Dakota,  the  amount  of  decrease 
in  brightness  temperature  seems  directly  proportional  to  the  snow  depth.  The 
modulations  of  the  brightness  temperature  by  snew  accumulation  give  rise  to  the 
eventual  possibility  of  inferring  snow  depth  from  remote  measurements. 

Snow  ArM  Datarmlnation 

In  order  to  assign  a snow  or  no-snow  classification  for  an  area,  a statistically 
oriented  discriminant  analysis  was  prepared  from  data  on  snow  accumulation  and 
ESMR-6  brightness  temperatures.  The  purpose  of  the  discriminant  analysis  was 


to  And  the  dividing  function  which  best  separated  the  snow  and  no-snow  condi- 
tion. The  position  of  the  point  along  the  discriminant  function  was  used  to  assign 
each  individual  data  point  to  its  most  probable  cacegory.  The  main  assumptions 
considered  in  the  discriminant  analysis  were  that  the  two  groups  had  homoge- 
neous variance-covariance  matrices,  and  the  variables  were  normally  distributed. 
The  first  assumption  ensures  that  the  two  groups  are  spectrally  different  from 
each  other,  and  the  second  assumption  is  necessary  if  significance  tests  are  to  be 
utilized,  file  variables  used  in  the  discriminant  analysis  are  the  horizontally 
polarized  brightness  temperature,  T//.  and  the  vertically  polarized  brightness 
temperature.  7'^'.  The  discriminant  function  derived  according  ic  Mather  (1976), 
can  be  expressed  as: 

R = 0.96:6  Tj.  - 0.999C  (1) 

where  R is  the  projection  on  the  discriminant  axis.  The  averaged  R for  the  snow 
class  is  17.17,  while  the  average/?  for  the  no-snow  class  is  11.21.  Therefore,  any 
individual  data  point  with  calculated  R value  closer  to  the  average  of  snow  class 
than  the  average  of  no-snow  class  will  be  assigned  to  the  snow  class  and  vice 
versa.  When  this  technique  is  used  to  assign  the  snow,  no-snow  classes  for  the 
area  of  interest,  the  probability  of  misclassification  is  abcut  0.2  per  cent  for  a 
normally  distributed  data  set. 

Because  ESMR  brightness  temperature  differences  can  result  from  factors 
other  than  just  snow  and  no-snow  categories.  so.Tie  precautions  should  be  taken  in 
the  discriminant  analysis.  A combination  of  watei  and  land  mass  within  an 
ESMR's  field  of  view  could  give  a brightness  temperature  similar  to  that  of  a 
snowfield.  The  signature  of  a relatively  wet  ground  could  also  resemble  the  snow 
signature.  Under  these  conditions,  more  than  one  discriminant  function  will  be 
required  to  separate  the  different  categones.  In  this  study,  a geographical  and 
climatological  approach  was  used  to  analyze  and  resolve  these  discrepancies.  For 
example,  the  coast  of  Florida  has  usually  been  misclassified  as  a snowcovered 
area  by  the  discriminant  function.  This  obvious  misclassification  is  due  to  the 
mixed  signatures  of  water  and  land  mass  within  the  ESMR  footprint.  By  knowing 
the  geographical  location,  the  misclassified  pixels  can  be  reassigned  to  a no-snow 
class  without  using  other  discriminant  functions. 

By  using  the  derived  discriminant  function  it  was  possible  to  separate  snow  and 
no-snow  areas  over  the  North  American  continent  using  the  Nimbus-6  ESMR 
brightness  temperatures.  The  calibrated  brightness  temperatures  for  each  time 
period  (usually  seven  days)  are  projected  on  a 1°  latitude  \ y 1°  longitude  grid  map 
before  applying  the  discriminant  function.  The  map  sequence  started  in  mid 
November  1975  and  continued  to  mid  April  1976.  In  order  to  validate  the  snow 
coverage  maps  derived  from  the  ESMR  data,  a comparison  was  made  with  the 
northern  hemisphere  averaged  snow  and  ice  boundary  maps,  published  weekly  by 
NOAA/NESS.  The  NOA.A/NESS  boundary  maps  were  derived  from  observa- 


DERIVED  FROM  NIMtUS  6 ESMR  ORTA  THE  ARE*  SNOW  BOUNDARY  MAP  BY  NDAA  NESS  THE  AREA 
SNAOEO  REPRESENTS  SNO*  COVER  SHADED  REPRESENTS  SNOW  COVER 

Fig,  2.  Sno^fc  coverage  nuLos  of  North  Amenca  for  the  period  of  l'-21  December  1975. 
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DERIVED  FROM  NIMBUS  6 ESMR  DATA  THE  AREA  SNOW  BOUNDARY  MAP  BY  NOAA  NESS  THE  AREA 
SHADED  REPRESENTS  SNOW  COVER  SHADED  REPRESENTS  SNOW  COVER 


Fig  3 Snow  coverage  mapi  of  North  America  for  the  penotf  of  1 5-2 1 March  1976. 

lions  made  by  NOAA-4  and  synchronous  meteorological  satellites.  Figures  2 and 
3 are  example  comparisons  of  the  snow  coverage  maps  for  the  periods  of  15-21 
December  1975  and  15-21  March  1976.  respectively.  The  snowcovcred  area  data 
from  both  maps  were  generally  comparable  with  the  ESMR  boundary  maps 
showing  a slightly  less  overall  snow  areal  extent.  Specific  differences  in  locations 
of  snowcovered  areas  between  the  two  snow  boundary  maps  is  probably  due  to 
the  r X r grids  used  to  plot  the  poor  resolution  ESMR  data  and  the  lack  of  a 
geometrically  registered  ESMR  data  product.  The  large  grid  units  result  in  blocky 
snowline  boundaries  compared  to  the  smooth  snowlines  in  the  NO  A A maps.  The 
ESMR  registration  problem  can  result  in  further  discrepancies  between  the  two 
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snowlines.  In  addition,  the  fact  that  the  microwave  emission  from  the  soil  can 
penetrate  ver>  thin  snowcover  without  appreciable  eOect  on  the  brightness 
temperature  can  result  in  a no-snow  classification  whereas  the  NOAA  visible 
sensors  will  record  a snow  classification  Another  potential  problem  in  generating 
snow  coverage  maps  is  the  effect  of  the  surface  slope.  Since  the  amount  of 
radiation  emitted  and  reflected  from  a smooth  surface  is  a function  of  incidence 
angle,  the  average  slope  within  the  instrument’s  instantaneous  field  of  view  will 
affect  the  measured  bnghtness  temperature  and  the  difference  between  the 
vertical  and  honzontal  bnghtness  temperatures  The  surface  slope  effect  tends  to 
provide  disagreement  for  snow  coverage  maps  in  mountainous  areas. 


Srtow  D*pth  Relations 

Snow  depth  and  h.sMR-b  bnghtness  temperature  data  for  the  four  previouslv 
mentioned  stations  m Indiana,  Illinois,  and  North  Dakota  were  examined  first.  A 
multiple  linear  regression  was  performed  with  the  verticalh  ) and  horizontallv 
(f//)  polanzed  bnghtness  temperatures  as  the  predictor  variables  .and  snow  depth 
in  cm  (>)  as  the  entenon  vanable  For  approximatelv  500  data  points  the 
following  regression  relationship  significant  at  the  O.Ol  level  resulted: 

where 

the  coefficient  of  determination.  /?-  = 0.31 

the  standard  deviation  of  'he  snow  depth  values,  ~ 1.9  cm 

the  standard  error  of  the  estimated  snow  depth  values.  Sf.  = 6.6  cm 

Although  this  relationship  is  significant,  the  lelativciv  low  value  and  the  fact 
that  the  .5£  of  6.6  cm  is  not  much  of  an  impro-  ement  over  the  S7)  of  7.9  cm  limits 
the  applicabihtv  for  estimating  snow  depth  Considerable  ground  cover  and 
climatological  vanations  between  the  studv  areas  mav  explain  the  marginal 
regression  relationship  Mixed  cover  types  including  dormant  agricultural  land, 
pasture,  and  trees  have  a varying  elTect  on  the  bnghtness  temperature  of  the  snow 
which  likely  masks  the  bnghtness  temperature  response  to  varying  snow'  depth. 
The  generally  coldei  environment  of  North  Dakota  as  co:  pared  to  the  warmer 
Indiana-lllinois  area,  where  mcIt-freeze  conditions  persist  during  he  winter,  will 
result  in  different  snow  emission  conditions.  In  Indiana-lIlinois  melting  and  then 
freezing  conditions  produce  significant  crusts  and  icc  layers,  and  free  water  will 
exist  in  the  snow  pack  more  of  the  time  In  North  Dakota  the  colder  temperatures 
will  result  in  a drier  and  more  homogeneous  snowpack  with  generally  small  grains 
or  cr>stals  serving  as  efficient  scaitercrs  of  the  emitted  microwave  radiation.  As  a 
result  the  North  Dakota  snowpack  would  produce  microwave  brightness  tempe- 
ratures considerably  lower  than  Illinois-Indiana  and  with  more  consistent  vana 


tions  in  response  to  changes  m snow  depth. 

In  order  to  try  «o  minimize  these  variations  between  study  areas  and  perhaps 
improve  the  snow  depth  and  bnghtness  temperature  relationship,  data  from  a 
more  homogeneous  area,  the  Canadian  high  plains,  were  examined.  Fig.  4 shows 
the  area  that  was  studied  in  southern  Alberta  and  Saskatchewan.  Four  general 
vegetation  types  are  prevalent  over  this  relatively  flat  area.  In  order  to  make  the 
cover  conditions  as  uniform  as  possible  snow  depth  and  brightness  temperature 
data  analysis  was  res'nctcJ  to  th?  area.s  of  short  and  high  grass  prairies.  Snow 
depth  values  for  each  of  the  numbered  station^  w re  used  to  draw  isonivals  which 
were  then  averaged  over  the  T’  x 1°  gnd  blocks  for  compaiison  with  the  averaged 
ESMts  onghtness  temperatures.  Both  vertical  and  horizontal  brightre  .s  •emp^ra- 
lures  were  used  in  simple  linear  regression  analyses.  Fig.  5 illustrates  the  snow 
depth  versus  bnghtness  temperature  data  for  Nimbus  5 and  the  resulting  signifi- 
rant  tat  the  0.002  level)  regression  line  and  statistics.  The  Nimbus  5 data  are  from 
the  nighttime  pass  on  14  March  1976  and  the  snow  depth  data  are  from  15  March 
1976.  .Air  temperatures  pnor  to  15  March  were  well  below  0“C  with  little  chance  of 
significant  melting,  and.  as  a result,  dry  snow  conditions  were  assumed.  Fig.  6 
presents  a comparable  plot  for  snow  depth  and  Nimbus  6 vertically  polarized 
bnghtness  temperature  from  the  day  time  pass  on  15  March  1976.  Analysis  of  the 
honzontally  polanzed  data  produced  essentially  similar  results  with  marginally 
lower  and  higher  R~  and  .Vf  values,  respectively . The  snow  depth  data  in  Figs.  5 


Fig.  4.  The  Canadian  high  plains  snow/microwave  study  area. 


and  6 are  from  the  same  ground  measurement  so  that  the  figures  may  be 
compared.  It  does  appear  that  in  simple  regression  analysis  that  the  Nimbus  6 
data  produce  better  relationships  than  the  Nimbus  5 data.  This  most  likely  results 
from  the  fact  that  the  emission  from  the  relatively  thin  snowcover  at  1.55  cm 
contains  a more  significant  contribution  from  the  variable  underlying  soil  layer 
than  at  0.81  cm.  Multiple  regression  approaches  using  brightness  temperatures 
f'om  Nimbus  5 and  6 as  predictor  variables  provided  no  marked  improvement  in 
the  relationship.  It  appears  that  in  this  case  a simple  linear  regression  using  the 
Nimbus  6 vertically  or  horizontally  polarized  brightness  temperature  as  the 
predictor  variable  and  snow  depth  as  the  critenon  variable  would  be  sufficient.  Sn 
data  wc'e  also  avail;  ble  and  were  used  in  place  of  snow  depth  as  the  criterion 
Variable.  The  relationships  were  similar  to  those  described  previously  for  snow 
depth,  but  in  general  the  goodness-of-fit  was  somewhat  less.  Fig.  7 shows  the  data 
and  the  resulting  regression  statistics  for  the  Nimbus  6 vertically  polarized 
brightness  temperatures  for  comparison.  The  pattern  of  data  points  is  very  similar 
to  Fig.  6 because  the  snow  depth  and  S„  values  are  closely  related. 

The  acquisition  of  concurrent  snow  survey  and  satellite  brightness  temperature 
data  has  been  difficult,  especially  for  dry  snow  conditions.  Both  satellites, 
because  of  their  research  nature,  experience  significant  intervals  when  data  are 
not  available.  The  ground  snow  data  are  not  taken  continuously  and  many  times 
are  not  available  during  appropnate  satellite  passes.  Furthermore,  when  both 
types  of  data  are  available,  weather  conditions  causing  snowmelt  result  in 
significant  changes  in  the  relationships  previously  presented  Free  water  in  the 
snow  causes  all  bnghtness  temperatures  to  be  markedly  increased,  in  this  case  as 
much  as  35  K on  the  Canadian  high  plains.  As  a result  when  temperatures  are 
above  freezing  for  any  extended  period  prior  to  an  otherwise  good  data  set.  it  has 
to  be  eliminated  from  analysis  for  at  least  the  dry  snow  conditions.  On  the  other 
hand,  such  an  occurrence  allows  the  inference  of  the  effect  of  free  water  on  the 
microwave  emission.  The  effect  of  free  water  is  so  strong  that  the  regression 
relationships  can  be  reversed  so  that  deeper  snowpacks  twith  presumably  more 
free  water)  can  have  a greater  bnghtness  temperature  than  that  of  a shallow  wet 
snow  pack  or  bare  soil.  This  was  observed  during  melting  in  the  Canadian  high 
plains  study  site 

Examination  of  snow  depth  and  brightness  temperature  relationships  in  other 
regions  such  as  a site  in  the  Montana-North  Dakota  area  has  been  accomplished 
on  a preliminary  basis.  Significant  relationships  between  snow  depth  and  bright- 
ness temperature  exist  as  on  the  Canadian  high  plains,  but  there  may  be  difficul- 
ties in  extrapolating  relationships  from  one  area  to  another.  The  most  probable 
cause  of  dissimilarities  in  the  relationships  between  areas  are  differences  in 
underly  ing  soil  types  and  moisture  conditions  and  diffenng  climatic  influences  on 
the  snowpack  Better  correspondence  between  areas  may  result  after  more  data 
have  been  obtained. 
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Fig.  5.  Nimbus  5 microwave  brightness 
temperature  versus  snow  depth  on 
the  Canadian  high  plains.  Nimbus 
S data  from  nighttime  pass  14 
March  1976  summarized  by  one 
degree  latitude-longitude  grid; 
snow  depth  data  from  IS  March 
1976  summarized  over  same  grid; 
data  included  from  short  and  high 
grass  prairie  areas  only. 


Fig.  6.  Nimbus  6 vertically  polarized  mi- 
crowave brightness  temperature 
versus  snow  depth  on  the  Canadi- 
an high  plains.  Nimbus  6 data 
from  daytime  pass  15  March  1976 
summarized  by  one  degree  latitu- 
de-longitude grid;  snow  depth  data 
from  15  March  1976  summarized 
over  same  gnd;  data  included 
from  short  and  high  grass  p.airie 
areas  only. 


Fig.  7.  Nimbus  6 vertically  polarized  mi- 
crowave brightness  temperature 
versus  snow  water  equivalent  on 
the  Canadian  high  plains.  Nimbus 
6 data  from  daytime  pass  15 
March  1976  summarized  by  one 
degree  latitude-longitude  gnd;  wa- 
ter equivalent  data  from  15  March 
1976  summarized  over  same  grid; 
data  included  from  shon  and  high 
grass  prairie  areas  only. 


Appllcatiofis 

Presently  2.nd  for  the  next  few  years  passive  microwave  resolution  from  space  will 
be  no  better  than  20-30  km.  This  will  change  in  5-10  years  as  large  antenna 
structures  in  space  become  feasible,  and  resolution  should  improve  to  as  little  as  I 
km  at  the  short  wavelengths.  This  projected  improvement  has  a direct  bearing  on 
future  applications  of  the  data. 

The  capability  for  mapping  the  snowcovered  area  on  a continental  basis  is  now 
provided  by  visible  sensor  satellites  such  as  NOA.A.  Clouds,  however,  can  be  a 
significant  problem  in  the  derivation  of  these  maps.  ESMR-type  data  could  be 
used  to  supplement  the  NOAA  maps  by  providing  an  "all-weather"  capability 
during  cloudy  intervals.  As  the  resolution  improves  the  microwave  sensor  may 
pro  ide  a better  alternative  for  compiling  the  operational  product. 

Currently  the  accumulation  and  depletion  of  snow  at  established  measurement 
points  is  best  done  on  the  ground.  The  microwave  capability  for  doing  this, 
however,  is  best  suited  for  unmeasured  and  perhaps  remote  locations.  The 
additional  advantsige  of  the  microwave  approach  is  that  detection  of  the  time  of 
melt  and  initiation  of  snowpack  priming  is  also  possible.  This  information, 
although  extremely  important  for  hydrograph  timing,  is  not  measured  at  conven- 
tional observation  stations  because  of  the  difficulty  associated  with  direct  measu- 
rement. In  most  cases  temperature  records  are  used  to  infer  melting  conditions  in 
the  snowpack.  Thus,  the  microwave  sensing  provides  a possible  new  and  addi- 
tional source  of  snow  information  with  the  greatest  application  most  likely  for 
areas  lacking  temperature  measurements. 

As  had  been  hypothesized  by  previous  modeling,  ground-based,  and  aircraft 
expenments,  there  appears  to  be  a significant  rela'ionship  between  snow  depth 
and  bnghtness  temperature  which  could  be  used  for  snow  surveys  over  large 
areas.  Because  of  poor  sensor  resolution  currently,  the  use  ot  such  relationships 
IS  restricted  to  large,  homogeneous  regions  such  as  the  high  plains.  Even  this 
could  be  valuable  for  runoff  prediction  purposes  during  rapid  spring  melt  in  these 
areas  once  enough  representative  data  ^ets  are  collected.  Again  as  resolution 
improves  applications  should  be  fou.nd  in  other  zones  such  as  intermountain 
valleys  and  large,  mountain  open  areas.  Such  capabilities  would  then  become 
more  directK  applicable  to  seasonal  and  short  ;;rm  runoff  forecasts. 

The  realization  of  these  future  potentials  requires  refinement  of  the  various 
techniques  through  acquisition  and  analysis  of  additional  data.  The  multispectral, 
dual  polarization  microwave  capability  that  exists  on  the  Nimbus  7 satellite  in  the 
SMMR  instrument  appears  to  be  the  ideal  data  source  at  the  moment  and  should 
permit  better  discrimination  of  snowpack  properties.  Modifications  of  the  SMMR 
instrument  in  5-10  years  will  be  tested  with  larger  antennas,  thus  significantly 
improving  the  resolution  which  will  further  promote  utilization  of  the  passive 
microwave  data. 
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Conclusions 


1.  Variations  in  snow  accumulation  and  depletion  at  specific  locations  are  reflec- 
ted by  related  variations  in  passive  microwave  brightness  temperatures  observed 
from  the  Nimbus  satellites.  Qualitative  monitoring  of  snowpack  build-up  and 
disappearance  during  the  winter  appears  feasible. 

2.  Using  both  vertically  and  horizontally  polarized  brightness  temperatures  from 
the  Nimbus  6 ESMR  instrument,  a statistically-oriented  discriminant  function  can 
be  used  to  separate  snow  from  no-snow  areas  and  map  snowcovered  area  on  a 
continental  basis.  This  "all  weather”  microwave  approach  is  especially  valuable 
when  mapping  using  visible  wavelength  sensors  is  prevented  by  the  presence  of 
clouds.  The  microwave-based  snowcover  maps  compare  favorably  with  northern 
hemisphere  snow  and  ice  boundary  maps  published  weekly  by  NOAA. 

3.  In  a relatively  homogeneous,  flat  area,  such  as  the  Canadian  high  plains,  a 
significant  regression  relationship  between  snow  depth  (criterion  variable)  and 
microwave  brightness  temperature  (predictor  variable)  can  be  developed.  The 
estimation  of  snow  depth  under  dry  snow  conditions  is  thus  a possibility  in  the 
study  area  using  microwave  data,  after  further  data  sets  are  acquired  these 
estimates  could  be  expanded  over  a greater  range  of  snow  depth.  Similar  specific 
relationships  would  have  to  be  derived  for  use  in  other  snow  study  areas. 

4.  The  presence  of  melt  water  in  the  snowpack  radically  changes  the  microwave 
emission  characteristics  resulting  in  as  much  as  35  K increases  in  brightness 
temperature  over  dry  snow  conditions.  Such  charges  allow  the  monitoring  and 
easy  detection  of  a melting  snowpack  with  direct  petinence  to  the  estimation  of 
the  timing  of  snowmelt  runoff. 
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iNTaooucnoN 

Since  1972  several  earth  resources  and  environmental  satellites,  such  as  Landsat 
and  National  Oceanic  and  Atmospheric  Administration  (NOAA)  have  been 
launched  that  have  direct  application  to  snow-covcr  mapping.  The  charactenstics 
of  these  satellites  and  their  potentials  for  scow-cover  monitoring  and  subsequent 
runoff  prediction  have  been  treated  previously  (4).  Although  the  utilization  of 
snow-covered  area  (SC  A)  as  an  additional  parameter  m seasonal  runoff  predictions 
seems  logical  and  has  been  shown  to  be  useful  (3),  the  duration  of  satellite 
data  is  too  short  for  conclusive  testing  of  SCA  in  conventional  approaches. 
In  order  to  expeditiously  estimate  the  potential  value  of  satellite  SCA  data 
in  runoff  predictions,  simplified  linear  multiple  regression  analyses  of  longer-term 
aircraft  visual  observations  of  SCA  for  two  watersheds  in  the  southern  Sierra 
Nevada  in  California  were  conducted. 

Study  Area  Description.— The  Kings  and  Kem  Rivers  are  adjacent  watersheds 
(Fig.  1)  that  discharge  into  the  Central  Valley  near  Fresno  and  Bakersfield, 
Calif.,  respectively.  Each  basin  ranges  m elevation  from  below  1,000  ft  (300 
m)  in  the  foothill  areas  to  over  14,000  ft  (4.3(X)  m)  along  the  Sierra  Nevada 
crest  that  is  the  eastern  boundary  for  both  watersheds.  The  Kmgs  River  has 
an  east-west  onentation  wuh  high  subbasm  divides  and  subbasin  drainage  in 
deep  canyons.  The  Kem  River,  on  the  other  hand,  has  a north-south  onentation 
wuh  the  Sierra  crest  along  the  eastern  drainage  boundary  and  the  similanly 

Note.— Discussion  open  until  June  I.  1979  To  extend  the  closug  date  one  month, 
a wntten  request  must  be  filed  with  the  Editor  of  Technical  Publications,  ASCE.  This 
paper  is  pan  of  the  copyrighted  Journal  of  the  Hydraulics  Division.  Proceedings  of  the 
Amencas  Sooety  of  Civil  Engineers.  Vol.  10).  No.  HYl,  January.  19*9  Manuscript 
wu  submitted  for  review  for  possible  publication  on  January  }|.  1978 
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high  Oreat  Western  Divide  along  the  western  boundary  of  the  basin.  The  Kern 
River  is  characterized  by  plateau  areas  with  broad  meadows  and  timbered  slopes, 
although  the  North  Fork  heads  in  steep  rocky  areas  near  the  Kings-Kem  divide 
and  Hows  in  a deep  cany.u  through  most  of  its  length  to  Lake  lubella. 
Area*elevation  graphs  in  Fig.  2 show  the  relatively  uniform  distribution  of  area 
with  elevation  on  the  Kings  River  as  contrasted  with  the  concentration  of  area 

TABLE  1. — Seasonal  Strsamflow  for  Kings  and  Kam  River  Watersheds 


APRIL-JULY  RUNOFF 

Kinjs 

Kern 

In  acrs-fsst  | 

Psrcsntaga 

In  acre-feet. 

Percentage 

Season 

(cubic  maters) 

of  average 

(cubic  meters) 

of  average 

(1) 

(2) 

13) 

(4) 

(5) 

1976 

301,800 

26 

103.900 

23 

(372,400.000) 

(128.200.000) 

1969 

2.631.800 

227 

i, 349.300 

321 

(3.248  billion) 

(1.663  billion) 

Avcrs|« 

1.157,000 

420,000 

(1.428  billion) 

, 

(318.000.000) 
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FIG.  2.— Arst-Elsvatlon  Statistics  on  Kings  and  Kam  River  Watersheds  and  Location 
of  Average  April  1 Snew*Lina  Elevation  (1  ft  • 0.305  m) 

between  6,000  ft  (1,830  ra)  and  9,000  ft  (2,750  m)  on  the  Kem  River.  The 
average  elevation  of  the  Apnl  I snowline  as  taken  from  California  Department 
of  Water  Resources  (CDWR)  records  is  also  shown  in  Fig.  2 for  both  watersheds. 

The  l,S45>sq  mile  (4,002-km')  Kings  River  has  an  r erage  annual  runoff  of 
1,567,600  acre*ft  (1.934  billion  m’)  thai  represents  19  m.  (480  mm)  of  runoff, 
74%  of  which  occurs  during  the  .Apnl-July  snowmelt  period.  Snowpack  accu- 
mulation mcreases  with  elevation  lo  about  9.500  ft  (2,900  m)  and  is  fairly  consistent 
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•t  about  30  in.  (760  nun)  of  water  above  that  elevation,  although  local  topography 
may  affect  accumulation  to  some  extent.  Average  annual  precipiution  at  the 
9,000-ft  (2.7SO*m)  elevation  is  about  33  in.  (890  mm).  Precipitation  measuremenu 
made  along  the  frontal  slope  at  the  western  side  of  the  basin  appear  to  be 
representative  of  or  at  lewt  proportional  to  precipitation  at  tne  higher  elevations, 
although  some  minor  variations  may  occur. 

The  2,074>sq  mile  (3.372>km*)  Kern  River  watershed  (above  Lake  Isabella) 
has  an  average  aiutual  runoff  of  626,600  acre>ft  (773,200,000  m’)  that  represents 
3.7  in.  (143  mm)  of  runoff,  about  67%  of  which  occurs  during  the  April-July 
snowmelt.  Precipitation  varies  both  with  elevation  and  location  in  the  basin. 
At  9,000  ft  (2,730  m),  average  annual  precipitation  along  the  Great  Western 
Divide  exceeds  33  in.  (890  mm),  wnile  at  the  same  elevation  along  the  Sierra 
crest  precipitation  may  be  as  low  as  16  m.  (410  mm).  Precipiution,  snowpack 
accumulation,  and  snow  cover  appear  much  more  variable  over  the  Kem  basin 
than  over  the  Kings  basin. 

Precipiution  and  resulting  runoff  are  extremely  variable  from  season  to  season 
in  Uie  southern  Sierra,  emphasizing  the  importance  and  need  for  an  adequate 
water*supply  forecasting  program.  Table  1 illustrates  the  wide  range  of  runoff 
experienced  wuhin  the  recent  past. 

Historical  Water-Supply  Forecast. — fbe  CDWR  makes  water  supply  forecasu 
of  April-July  (snowmelt  period)  runoff  for  all  major  snowmelt  streams  in 
Califomia,  including  the  Kings  and  Kem  Rivers.  The  California  Cooperative 
Snow  Survey  Program  was  initiated  in  1929  and  the  first  fi . ecasts  using  snow 
survey  dfta  were  issued  -n  1930.  Forecasts  are  issued  by  CDWR  as  Bulletin 
120,  "Water  Conditions  in  Califonua,”  in  four  reports  stating  conditions  as 
of  February  1.  March  I,  April  1.  and  May  1.  The  Kings  and  Kem  Rivers, 
as  well  as  other  selected  Sierra  streams,  have  weekly  updates  of  water  supply 
forecasts  from  February  1-July  1.  Present  methods  for  updatm*  as  the  snown-,.  ;t 
season  progresses  are  limited  bv  the  quality  and  type  of  real-time  data  a . iliibi:: 
during  the  melt  period.  Forecast  error  tends  to  be  concentrated  in  the  remaining 
runoff  volume.  Current  forecast  procedures  are  based  upon  about  43  yr  of 
data  to  reflect  thv  extreme  variability  that  has  been  noted  from  season  to  season 
in  these  basins. 

Dau  Sources.— One  of  the  primary  reasons  that  the  Kings  and  Kem  Rivers 
in  the  southern  Sierra  were  selected  as  watersheds  for  investigation  of  SC  A 
as  a water-supply  forecast  parameter  was  availability  of  histone  data  on 
snow-covered  area.  Since  1932.  the  U S.  Army  Corps  of  Engineers  (USACE) 
has  collected  and  assembled  informauon  c a SCA  *'rom  the  Kings,  Kem.  and 
several  other  watersheds.  SCA  has  been  mapped  from  a low  flying  light  aircraft 
by  an  observer  usiiig  topographic  maps  with  suitable  landmark  identification. 
Aircraft  observations  generally  staned  before  May  1 and  contmued  penodic^lly 
until  the  SCA  of  the  Kings  River  was  depleted  to  less  than  100  sq  miles  i230 
km‘).  Most  years  had  only  three  or  four  observations,  but  heavy  snow  years 
sometimes  bad  u many  as  eight  observations. 

Dau  on  SCA  from  aircraft  observations  and  satellite  unagery  were  plotted 
versus  lime  to  provide  eiumates  of  SCA  on  specu*ic  dates  for  use  m analysis. 
Only  during  1973  were  there  adequate  data  from  1 h aircraft  and  satellite  for 
comparison.  During  1974  only  one  aircraft  observauon  *as  made  and  the  USACE 
program  was  subsequently  discontinued.  Fig.  3 is  a plot  of  snow-covered  area 
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for  the  Kinfs  River  for  1973  showini  both  aircraft  and  Landsat  dau.  Unfortu* 
nately,  aircraft  observations  for  1973  were  not  made  by  Uie  same  personnel 
who  had  compiled  the  earlier  dau.  After  reviewing  the  dau  with  past  and 
present  USAGE  personnel,  minor  adjustmenu  (usin;  highway  and  weather  station 
snow  depth  information  plus  snow  survey  v.ater  equivalent  dau)  were  made 
in  the  historic  aircraft  snow<cover  observations  to  make  them  more  comparable 
to  the  satellite  observations.  There  is  still  a consistently  greater  snow-covered 
area  observed  by  Landsat  than  observed  by  the  aerial  surveys.  This  difference 
was  noted  previously  (1)  and  attributed  to  the  fact  that  aerial  surveys  excluded 
lower  elcvatioo  transient  snow  cover  from  their  measurements. 

The  conventional  water  equivalent  (also  referred  to  as  water  content)  dau 
applicable  to  the  Kings  and  Kem  Rivers  were  obtained  by  cooperators  in  the 
California  Snow  Survey  Program  and  sent  to  CDWR.  Other  pertinent  hydrome- 


FIQ.  3. — Areal  Eatam  of  Sruw  Cover  from  Satollite  and  Aircraft  Obsarvationa  for 
Kittgs  RWer  Materahadt.  in  1973  (1  sq  mila  - 2.59  km*) 

teorological  information  such  as  p'ecipiution  and  runoff  records  were  obuined 
by  CDWR  on  an  operational  basts  for  water-supply  forecasting  and  other  purposes. 
The  dau  are  developed  by  CDWR  into  basm  indices  for  application  to  ragression 
cquadops  or  multigraphical  solutions  for  predicting  AprU-July  runoff.  Forecast 
procedures  after  April  1 are  currently  based  on  the  April  1 forecast  updated 
usifig  observed  precipiution  and  limited  telemetered  automatic  snow  sensor  dau. 
The  indices  used  I'^r  development  of  the  April  1 forecast  procedures  are  as 
follows: 

1.  Snowpack  Index — This  index  is  based  upon  the  observed  water  equivalent 
at  approximately  20  mow  courses  in  each  basin  as  of  April  1.  On  some  basins, 
including  the  Kings  and  Kern,  two  separate  indices  are  developed  for  the  high 
and  low  elevation  snow  zones,  respectively  This  index  is  expressed  in  terms 
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of  percentage  of  averace,  as  are  most  indices  in  the  forecast  procedures,  and 
represents  the  relative  quantity  of  water  stored  as  snowpack  on  the  date  of 
forecast.  Adjustment  may  be  made  for  precipitation  occurrinc  between  the  actual 
date  of  measurement  and  April  1. 

2.  October-March  Precipiution  Index — This  index,  developed  from  approxi- 
mately six  lower  elevation  mountain  sutions,  provides  an  indication  of  basinwidr 
seasonal  wetness. 

3.  April-June  Precipitation  Index — This  index  is  a measure  of  precipitation 
occoning  during  the  snowmelt  season  at  about  six  stations  and  permits  a level 
of  updating  as  the  season  progresses  after  April  I . Observed  precipitation  data 
are  used  to  replace  average  precipitation  figures  as  the  snowmelt  season 
progresses. 

4.  October-March  Runoff  Index — This  index  relates  both  to  basin  wetness 
and  volume  of  water  not  stored  in  the  basin  as  a result  of  eaily  season  runoff. 

3.  Previous  Year  Runoff  Index — This  index  is  expressed  as  a volume  for 
the  previous  April-July  and  may  be  related  to  the  carryover  from  the  previous 
runoff  season. 

For  use  in  this  study,  these  indices  were  developed  according  to  the  CDWR 
procedures  with  data  supplied  by  CDWR.  Analysis  was  performed  for  the  period 
of  record  represented  by  the  combined  aircraft  and  satellite  observations  of 
snow-cover  data,  which  was  23  yr  on  the  Kings  River  and  23  yr  on  the  Kern. 

Analysis 

Independent  analyses  were  undertaken  almost  simultaneously  by  National 
Aeronautics  and  Space  Administration  (NASA)  and  Sierra  Hydrotech — CDWR 
teams  utilizing  similar  basic  data  to  demonstrate  the  potential  effect  of  SC  A 
in  water  supply  forecasting  on  the  Kings  and  Kem  Rivers.  Although  the  objectives 
of  the  two  investigators  were  somewhat  different,  similar  results  were  obtained 
in  both  investigations.  The  NASA  study  (Investigation  I)  was  intended  to 
demonstrate  that  SCA  on  a given  date  is  applicable  to  forecasting  seasonal 
'■.moff.  The  Sierra  Hydrotech-CDWR  study  (Investigation  2)  intended  to 
go  one  step  further  and  to  develop  and  demon.strate  a procedure  for  updating 
water  supply  forecasts  durmg  the  period  of  snowmelt  utilizmg  SCA  as  a parameter. 
Both  investigations  were  exploratory  in  nature  and  not  mtended  to  represent 
the  most  advanced  techniques  in  statistical  methods  or  water-supply  forecastmg. 

'Bvcsdgatlon  I 

Approach. — An  evaluation  of  conventionally  based  and  SCA-based  seasonal 
runoff  predictions  on  Mav  1 was  made.  In  this  approach  only  the  low  altitude 
estimate  of  SCA  was  used  in  analysis.  Although  aircraft  observations  began 
in  1932  and  ended  in  1973.  observations  were  not  readily  available  for  each 
watershed  in  every  intervening  year.  As  a result,  at  the  tune  Investigation  1 
was  conduaed,  only  20  yr  and  18  yr  of  aircraft  SCA  data  were  initially  available 
for  the  Kings  and  Kem  River  watersheds,  respectively.  Convenuonal  data  were 
developed  mto  forecast  indices  only  for  the  years  with  existmg  SCA  data.  The 
existing  forecast  proceduie  used  by  CDWR  was  employed  as  the  model  for 
developmg  the  *’ modified' ' (reduced  data  base)  conventional  regression  equation. 
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i&  deriving  t rc(ressioa  model  using  SCA  for  predicting  sessonal  flow,  sundsrd 
step-wise  techniques  were  first  utilized  to  determine  the  order  of  entry  of  the 
predictors.  Seversl  sltemsti  -e  orders  and  combinations  were  then  considered 
to  investigate  potential  reductioiu  in  the  number  of  variables  required  while 
achieving  an  accepuble  significance  level  (s  O.OS).  The  “modified"  conventional 
model  was  run  against  all  the  statistically  acceptable  SCA  modpls  in  a prediction 
mode,  and  the  various  runoff  forecast  values  were  compared  to  the  aaual  runoff 
figures. 

On  the  May  forecast  date  all  dau  were  lyailable  except  the  April-June 
predpiution  index.  To  simulate  a real  forecasting  situation  on  May  1,  the  actual 
April  predpiution  was  combined  with  the  expected  (average)  May  and  June 
predpiution  to  obtain  the  best  estimate  of  the  April-June  predpiution  index. 

Both  the  “modified”  conventional  and  the  set  of  “snow-cover"  models  were 
exercised  to  determine  which  would  provide  the  better  forecast  for  each 
watershed.  Since  the  number  of  available  data  points  was  limited  and  several 
variables  were  being  considered,  a series  of  regressions  was  used  to  make  the 
forecasts.  This  technique  consisted  of  deleting  the  forecast  year  from  the  dau 
base,  deriving  the  regression  equation  coeffidents  from  the  remaining  dau. 
and  then  making  a forecast  for  that  deleted  yea'.  The  absolute  value  of  the 
difference  between  the  forecast  aud  the  actual  runoff  represented  the  error 
of  the  forecast.  The  forecast  and  forecast  error  were  computed  for  each  year. 
The  average  and  ^he  standard  deviation  of  the  errors  were  calculated  and  tabulated 
for  each  watershed  and  the  best  “snow-cover"  model  was  selected  based  on 
ouniinizing  these  values. 

Results. — The  regression  model  used  by  the  CDWR  on  the  KLings  River  is 
of  the  following  form; 

y,  ■ ^ + k| (1) 

in  which  Y,  - Kings  River  April-July  runoff,  in  acre-tcet;  X,  =•  April  I snowpack 
index;  Jf,  « Octo^r-March  predpitation  index;  Xy  - previous  year  April-July 
runoff;  and  X,  > April-June  predpiution  index.  In  this  “modified"  conventional 
equation  the  regression  coeflidents,  a, , h, , c, , and  d, , and  the  regression  constant, 
k,,  are  slightly  different  than  their  counierparu  m the  CDWR  model  because 
of  the  reduced  data  base  resulting  from  the  testing  of  SCA. 

Tne  regression  model  used  by  the  CDWR  on  the  Kem  River  is  of  the  form: 

Yy  - UyX{Xy  + byXy  ^ CyX,  + ClyX  ’ ^ fyX,  + ky (2) 

in  which  Yy  - Kem  River  April-July  runoff,  in  acre-feet;  XI  » April  I high 
elevation  snowpack  index;  X’  » April  1 low  elevation  snowpack  index;  and 
Xy  “ May  I snowpack  index.  The  regression  coeffidenu  and  oonstant  in  the 
"modified"  conventional  equation  are  again  slightly  different  than  those  in  the 
currcut  CDWR  equation. 

On  the  Kings  River  the  resulting  “snow-cover"  model  for  all  years  of  record 


had  the  following  form: 

Y,  • OyXy-^  byXyXy  ^ k,  (3) 

in  which  Xy  ^ Miy  1 SCA.  as  a percentage  of  basin  :>rea:  a,  w 1.18869;  h, 


- 0.17573;  and  k,  - 45.58954.  On  the  Kera  River  the  best  alternative  model 
had  the  following  form: 
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Y,~a,X,X,-^b,X[*c,X,  + k,  (4) 

in  which  - 0.04332;  - 2.34;  - 2.02;  and  - -133.022.  Both  final 

Kings  and  Kern  “snow-cover”  models  resulted  from  the  step-wise  regression 
analysis. 

The  sutistics  for  the  models  on  the  Kings  and  Kem  Rivers  are  shown  in 
TABLE  S.—ComiHiriaon  Statistics  for  Rsgrossloii  Equations 


Statistics 

(1) 

Kings 

River 

“modified" 

conventional 

model 

(2) 

Kings 

River 

anow- 

covered 

area 

model 

(3) 

Kem 

River 

"modified" 

conventional 

model 

(4) 

Kem 

River 

snow- 

covered 

area 

model 

(5) 

Degrees-of-freedom 

4.  15 

2.  17 

5.  12 

3.  14 

f-teat  value 

141. 3* 

218.4* 

154.0* 

353.3* 

X’  value 

97.1 

95.9 

97.9 

98.4 

Standard  error  of 
estimate 

120.9 

j 

145.7 

35.6 

30.5 

Standard  deviation  of 
the  seasonal  yield 

j 

712-5 

712.5 

243.2 

243.2 

'SigniTicsai  at  the  0.005  level. 


TABLE  3. — Comparison  of  "Modifisd''  Conventional  and  Snow-Covar  Modal  Avaraga 
Foracast  Errors,  in  acra-faat 


Error 

(1) 

Conventional 
1 model 

1 (2> 

Snow-cover 

model 

(3) 

Change,  as  a 
percentage 

(4) 

(n)  Kings  River  (a 

-20) 

Average  forecast  error 

114.900  1 

120.900  1 

+5 

Standard  deviation  of 

forecast  errors 

106.400 

107.700 

-1-1 

(4)  Kem  River  (a  i 

- 18) 

Average  forcci.st  error 

40,110 

28,470 

-29 

Standard  deviation  of 

forecut  errors 

25.280 

23,310 

-8 

Note:  1 acre-ft  ■ 1,233  m 

Table  2.  These  models  were  then  compared  on  each  watershed  by  evaluating 
the  difference  between  aaual  and  forecast  runoff  (which  was  assumed  to  be 
the  forecast  error)  for  each  year  in  the  data  base.  The  average  yearly  forecast 
erren  and  the  standard  deviations  of  the  errors  are  tabulated  in  Tables  3(o) 
and  3(h)  along  with  the  change  in  forecast  parameter  resulting  from  the  incorpo- 
ration of  SCA.  Although  slight  increases  in  forecast  error  occur  when  SCA 
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is  included  in  the  predicuon  procedures  on  the  Kings  River,  major  reductions 
in  forecast  error  using  SCA  are  realized  on  the  Kem  River. 

InvcsdgatkHi  2 

Approach. — Investigation  of  the  application  of  SCA  as  a parameter  in  CDWR 
water-supply  forecasting  has  been  limited  to  the  April-July  snowmelt  period 
because  most  watersheds  are  100%  snow  covered  before  April  1.  On  the  average, 
only  about  I0%-15%  of  the  annual  precipitation  falls  after  April  1.  Prior  to 
April  1,  most  of  the  total  error  in  water-supply  forecasts  is  attributed  to  the 
uncertainty  of  the  amount  of  precipitation  occurring  after  the  date  of  forecast. 
As  the  snowmelt  season  progresses,  however,  procedural  error  contributes  an 
increasing  portion  of  total  forecast  error,  justifying  additional  analytical  work 
to  improve  techniques  for  correcting  or  updating  the  forecast  during  the  snowmelt 
period. 

This  approach  was  predicted  on  the  operational  requirements  for  accurate 
updating  of  water-supply  forecasts  throughout  the  period  of  snowmelt  runoff. 
Forecasts  prepared  by  CDWR  have  historically  been  for  the  April-July  snowmelt 
period.  Updating  has  been  primarily  on  the  basis  of  precipitation  observed 
subsequent  to  the  April  1 forecast.  Any  procedural  error  in  the  April  1 forecast 
would  be  forced  into  the  forecast  of  remaining  runoff  during  the  melt  season. 
A forecast  made  on  June  1 might  contain  the  same  procedural  error  as  the 
forecast  made  on  April  1,  even  though  half  of  the  snowmelt  runoff  for  the 
season  may  have  already  occurred.  The  desirability  of  providing  a forecast 
technique  that  would  reduce  the  magnitude  of  procedural  error  as  the  season 
progresses  is  obvious. 

Only  a limited  amount  of  data  is  available  from  these  high  mountain  watersheds 
during  the  period  of  snowmelt.  Precipitation  from  manned  stations  and  some 
telemetered  stations  is  available  on  a daily  basis.  Snowpack  water  equivalent 
measurements  on  a few  snow  courses  are  made  about  May  I . and  some  continuous, 
snow  sensor  records  are  available,  but  data  are  limited.  Additionally,  the  melt 
process  during  April  mtioduces  uncertainty  into  the  meaning  of  observed  water 
equivalent  at  specific  locations.  May  I measurements  have  been  used  with  some 
success  in  the  Kem  basin  to  reflect  precipitation  and  melt  occurring  during 
April. 

Observed  runoff  and  depletion  of  SCA  as  the  melt  season  progresses  provide 
additional  parameters  on  a near  real-time  basis  to  reflect  the  progress  of  melt 
in  the  watershed.  This  investigation  developed  and  demonstrated  techniques 
for  updating  convenuonal  CDWR  forecast  procedures  dunng  the  progress  of 
melt.  Forecast  procedures  were  developed  for  April  1.  May  1,  May  IS.  June 
I,  and  June  IS  for  the  Kings  and  Kem  River  basins.  The  use  of  Landsat  SCA 
data  for  1973-1976  and  previous  aircraft  observations  available  for  Investigation 
2 provided  25  yr  of  record  on  the  Kings  and  23  yr  of  record  on  the  Kem 
for  analysis.  Procedure  stability  was  an  unportant  factor  to  assure  a logical 
sequence  of  operauonal  forecasts  dunng  the  progress  of  the  season. 

Basic  data  utilized  in  the  conventional  CDWR  procedure  were  used  to  prepare 
the  April  1 procedure.  Two  procedures  were  then  developed  for  May  I and 
each  subsequent  date,  one  with  and  one  without  SC.A  to  observe  the  effect 
of  SCA  in  improving  forecast  reliability.  In  both  procedures,  runoff  between 
April  1 and  date  of  forecast  was  used  as  an  additional  parameter.  Since  existing 
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CDWR  procedures  have  techniques  for  handling  precipitation  during  the  snowmelt 
season,  pr'^cipitation  subsequent  to  date  of  forecast  was  assumed  known  and 
does  not  contribute  to  "procedural  error"  described  in  the  analysis. 

The  general  form  of  the  forecast  procedure  equation  is 

y,  - a^X'  + b,X’  + c,Xj  + d,X,  + e,X^  ■¥f^X,  + g,jr,  + k^X'X^  + k,  ...  (5) 

in  which  T,  « basin  runoff,  in  acre-feet,  from  date  of  forecast  through  July 
31;  X'  ■ high  snow  index;  X"  ■ low  snow  index;  X,  » Oaober-March  runoff; 
Xt  > runoff  April  1 through  date  of  forecast;  and  X,  k SCA,  m square  miles. 
Regression  coefficients  are  represented  by  a,-h,  and  k,  represents  the  regression 
constant.  The  conventional  April  1 procedures  use  X’,  X",  X-^,  Jf,,  X„  and 
X-,.  Procedures  for  other  times  use  X,  or  X,  and  X,,  depending  upon  whetner 
SCA  is  to  be  included  or  not.  The  SCA  times  April  1 snowpack  index  (adjusted 
for  precipitation  between  April  1 and  date  of  forecast)  was  used  as  an  index 
of  the  volume  of  water  available  for  snowmelt  runoff  during  the  melt  period. 
Constraints  on  time  and  period  of  record  did  not  permit  investigafon  of  more 
complex  nonlinear  analysis  techniques,  and  exploration  of  hydrologic  models 
used  in  water  supply  forecasting  was  not  justified  at  this  time. 

Employing  techniques  presently  utilized  by  CDWR,  "forecasts"  were  made 
for  each  year  of  record  and  compared  to  observed  runoff.  Because  of  the 
limited  data  set,  independent  test  data  were  not  available  and  fo.ecasts  were 
made  using  data  employed  in  derivation  of  the  regressions.  Although  not 
statistically  acceptable,  the  intention  here  was  only  to  see  if  the  SCA  was  a 
predictor  worth  pursuing  for  runoff  prediction  techniques.  If  the  answer  to 
this  question  is  positive,  more  ngorous  techniques  would  be  used  to  incorporate 
SCA  into  operational  procedures.  Standard  errors  and  other  pertment  statistical 
measures  were  calculated  for  each  date  of  forecast  and  results  with  and  without 
SCA  as  a parameter  were  then  compared,  recognizmg  the  limitations  of  these 
simple  regression  techniques. 

RtsuliJ. — Fig.  4 shows  the  variation  in  standard  error,  expressed  as  a percentage 
of  April-July  runoff,  for  forecast  updates,  depictmg  the  effective  reduction 
in  forecast  error  as  snowpack  is  depleted.  Updating  procedures  with  SCA  are 
shown  as  a dashed  line  while  updating  procedures  utilizing  SCA  are  shown 
as  a solid  line.  Fig.  5 shows  the  same  variation  m standard  error,  expressed 
as  a percentage  of  remaimng  snowmelt  runoff  for  forecast  updates.  The  dashed 
and  solid  lines  represent  standard  error  of  procedures  without  SCA  and  with 
SCA,  respectively.  The  dotted  lines  represent  error  remaimng  if  the  procedure 
were  used  according  to  standard  CDWR  practice  at  the  current  time.  In 
interpretation  of  Figs.  4 and  S,  it  should  be  noted  that  although  procedural 
error,  in  acre-feet,  remains  constant  throughout  the  period,  it  will  increase  in 
terms  of  percentage  of  remaining  runoff  as  the  melt  season  progresses. 

On  the  Kings  River  (Fig.  4),  standard  error  increases  slightly  between  Apnl 
1 and  May  I,  probably  as  a result  of  additional  forecast  parameters  used  on 
May  1 that  increase  degrees-of-freedom  lost.  After  .May  I.  standard  error  declines 
appreciably  until  on  June  15  it  is  approx  70%  of  the  error  on  April  1.  This 
reduction  in  error  is  expressed  in  terms  of  percentage  of  remaining  runoff  in 
Fig.  5.  The  improvement  over  the  existmg  procedure  is  apparent.  The  addition 
of  SCA  as  a parameter,  however,  seems  to  offer  little  or  no  significant 
improvement  in  procedural  error  durug  the  melt  season. 
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On  the  Kem  River  (Fig.  4).  stenderd  error  for  the  procedure  without  SCA 
follows  approximately  the  same  pattern  as  on  the  Kings.  If  SCA  is  included, 
however,  substantial  reduction  in  standard  error  is  apparent  as  the  season 
progresses.  By  including  SCA  as  a parameter.  May  1 error  is  reduced  approx 
43%  and  May  IS  error  about  40%,  representing  a corresponding  decrease  in  the 
volumetric  error  of  remaining  runoff.  The  late  season  values  of  standard  error 
on  the  Kem  and  the  Kings  are  now  relatively  close.  It  is  suggested  that  the 
use  of  SCA  as  a forecast  parameter  durmg  the  snowpack  depletion  period  has 
allowed  forecast  accuracy  on  the  two  watersheds  to  be  brought  more  into  line 
with  each  other  than  possible  with  conventional  parameters  alone.  The  reduction 
in  terms  of  percentage  of  remaining  runoff  is  depicted  in  Fig.  5.  Further  inspection 
of  changes  of  regression  coefficients  from  date  to  date  suggests  that  the  Kem 
River  equations  are  relatively  stable — more  so  than  those  on  the  Kings  River. 
Even  though  the  precise  numerical  value  of  decrease  m procedural  error  to 


at. 


FIG.  4.— Standard  Error  of  Forecast  FIG.  5. — Standard  Error  of  Various  Fora- 
Procadura  (with  and  without  Snow*  cast  Procedures  Versus  Data  during 
Covered  Ares)  Versus  Data  during  Snowmelt 
Snowmelt 

be  obtained  by  using  these  methods  can  not  be  generalized  for  all  watersheds, 
it  is  apparent  that  SCA  provides  information  pertinent  to  updating  forecasts 
that  is  not  readily  available  from  other  sources  investigated  here. 

Examination  or  Risuirs 

Use  of  SCA  as  a parameter  in  forecasting  snowmelt  runoff  may  result  in 
significant  improvement  of  forecasting  procedures  under  certam  circumstances. 
The  SCA  in  Investigation  1 reduced  the  average  May  I forecast  error  by  29% 
and  the  standard  deviation  of  forecast  error  by  8%  on  the  Kem  River,  but 
appeared  to  have  no  substantial  or  significant  effect  on  the  Kings  River  Similarly, 
under  Investigauon  2,  there  appeared  to  be  considerable  improvement  for  each 
update  on  the  Kem  River  using  SCA.  but  no  significant  changes  on  the  adjacent 
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Kui|s  River.  U may  be  hypothesized  that  watershed  characteristics,  as  well 
as  availability  of  data  representative  of  the  watershed,  may  be  related  to  the 
response  of  forecast  procedures  to  SCA.  The  following  is  a review  of  factors 
that  may  in'luence  tite  effectiveness  of  SCA  as  a parameter  in  water  supply 
forecasting. 

The  conventional  April  I forecast  procedure  for  the  Kings  River  is  relatively 
more  accurate  (when  expressed  in  terms  of  percentage  of  April-July  runoff) 
than  is  that  for  the  Kcm  River.  April  I procedural  standard  error  represents 
about  1.5%  of  average  April-July  runoff  on  the  Kings  River  and  about  11.5% 
on  the  Kem,  assuming  that  precipitation  after  April  I is  known.  The  higher 
degree  of  accuracy  for  the  Kings  River  procedure  may  result  partiadly  from 
greater  unit  runoff  and  data  that  are  more  representative  of  conditions  within 
the  watershed.  In  any  event,  the  higher  initial  degree  of  accuracy  on  the  Kmgs 
River  may  make  it  considerably  more  difficult  to  obtain  a marked  improvement 
as  a result  of  SCA  or  other  update  parameters  as  the  season  progresses. 

llie  relatively  inconsistent  relationship  between  precipitation,  snowpack  accu- 
mulation, elevation,  and  location  within  the  Kem  River  watershed  desenbed 
previously  may  be  one  of  the  more  imponant  reasons  why  SCA  represents 
an  effective  parameter  in  updating  Kem  forecasts.  The  Kings  River  has  a much 
more  inifotm  area-elevation  distnbution  than  the  Kem  River  (Fig.  2).  The 
relatively  large  area  between  6,000  ft-9,000  ft  (1.830  m-2,750  m)  on  the  Kem 
River  is  subject  to  extreme  variability  in  snowpack  accumulation  and  depletion, 
perhaps  >inhancing  the  value  of  SCA  as  a prediction  parameter  It  might  be 
visualized  that  the  Kmgs  River  consists  of  a number  of  smaller  b iins  somewhat 
similar  in  character  and  can  be  predicted  well  with  a forecast  procedure 
representmg  basins  of  that  character  The  Kem  River,  on  the  other  band,  consists 
of  a number  of  smaller  basins  of  diverse  character.  It  might  be  possible  to 
break  the  Kem  area  into  a number  of  subbasms  and  forecast  each  subbasin 
mdependently.  The  SC.A  may  provide  an  attractive  mtermediate  solution  to 
water-supply  forecasts  in  areas  with  inhomogeneous  characteristics  and  limited 
hydrologic  data. 

Most  watersheds  m the  central  and  southern  Sierra  appear  to  be  quite 
homogeneous  from  a hydrologic  standpoint,  more  so  than  perbups  most  other 
western  United  States  watersheds.  Northern  Sierra,  eastern  Sierra,  and  other 
watersheds  m California,  however,  appear  much  more  diverse  than  the  Kings 
River  and  those  watersheds  immediately  to  the  north  of  the  Kings,  suggesting 
that  SCA  might  prove  to  be  an  effective  parameter  for  water-supply  forecasting 
in  California.  Watersheds  with  a substantial  degree  of  area  within  a limited 
elevation  range,  an  erratic  precipitation  and  snow  accumulation  pattern  not 
strongly  related  to  elevation,  and  poor  coverage  with  precipitation  data  or  stations 
that  do  not  give  a reliable  index  to  the  water  producing  areas  of  the  basin 
may  show  the  greatest  response  to  use  of  SCA  as  a parameter  in  volumetric 
forecastmg. 

Even  though  the  Kings  River  did  not  appear  to  respond  sigmficantly  to  use 
of  SCA  in  r/ater-supply  forecasting  in  this  prehminary  investigation,  one  should 
not  discount  possible  applications  on  streams  similar  to  the  Kings  River.  The 
SCA  on  the  Kings  River  has  been  found  useful  m hydrologic  modeling  of  daily 
snowmelt  and  runoff  (2).  Hydrologic  modeling  procedures  are  used  m some 
operauonal  forecasting,  and  it  is  hoped  that  near  real-time  satellite  imagery 
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may  prove  to  be  useful  for  these  types  of  predictioos. 

l^oceCures  for  updatinf  the  remaining  volume  of  snowmelt  runoff  using  SCA 
will  be  used  operationally  on  the  Kings  and  Kem  Rivers  during  1978.  In  order 
to  assure  widespread  use  of  SCA-derived  operational  forecasts,  however,  it 
will  be  necessary  to  receive  SCA  information  on  a regular  near  real-time  basis 
(s72  hr).  The  possibility  of  cloud  cover  during  a Landsat  overflight  may  at 
times  result  in  an  18-day  or  greater  interval  between  observations.  Some  type 
of  alternative  observational  capability,  such  as  NOAA  or  aircraft  SCA  estimates, 
during  such  periods  may  be  required. 

CoNautioNt 

1.  Long-term  SCA  data  from  aircraft  and  satellite  observations  have  been 
shown  to  be  useful  in  reducing  seasonal  runoff  forecast  error  on  the  Kem 
River  watershed  when  incorporated  into  water-supply  forecast  procedures.  Both 
one-time  and  regular  updates  of  forecasts  were  improved  using  SCA.  Similar 
analysis  on  the  Kings  River  indicated  that  SCA-produced  forecasts  were  generally 
as  good  as  conventional  forecasts  but  no  significant  improvement  was  noted. 

2.  Comparison  of  the  Kings  and  Kem  River  watersheds  indicates  that  certain 
watershed  conditions  may  enhance  the  usefulness  of  remotely  sensed  SCA  data. 
The  SCA  will  most  likely  reduce  forecast  procedural  error  on  watersheds  with; 
(a)  A substantial  part  of  the  area  within  a limited  elevation  range;  (b)  an  erratic 
precipitation  or  snowpack  accumulation  pattern,  or  both,  not  strongly  related 
to  elevation;  and  (c)  poor  coverage  by  precipitation  stations  or  snow  courses 
restricting  adequate  indeamg  of  water-supply  conditions. 

3.  Assuming  that  operational  acquisition  and  delivery  problems  associated 
with  space  information  will  be  resolved,  accumulated  satellite  date  should  provide 
a means  for  enhancing  operational  seasonal  streamflow  forecasts  for  areas  that 
depend  on  snowmelt-derived  water  supplies.  In  many  cases,  satellite-acquired 
SCA  data  can  provide  for  much  more  objective,  uniform,  and  controlled 
information  than  that  possible  from  aircraft  platforms. 
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reiression  coeffictents; 
resresstoa  coosunts; 
sf  jw-cevered  area; 

April  1 snowpack  index; 

April  I high  elevation  snowpack  index; 
high  elevation  snowpack  index; 

April  I low  elevation  snowpack  index; 
low  elevation  snowpack  index; 

October-March  precipitation  index; 
previous  year  April- July  runoff; 

Apnl-June  prectpitati'-  a index; 

May  ! snowpack  index; 

May  I SCA,  as  a percentage  of  basin  area; 

October-March  runoff; 

runoff  April  I through  date  of  forecast; 

SCA,  in  square  miles; 

Kings  River  Apnl-July  runoff,  in  acre-feet; 

Kern  River  Apttl-July  runoff,  in  acre-feet;  and 
basin  runoff,  u.  acre- feet,  from  date  of  forecast  through 
July  31. 
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ABSTRACT.  Long-term  dau  on  snow-covered  area  from  tircrsli  and  utelliie 
observations  have  been  mvestigsted  for  application  to  water-supply  forecasting  in 
Califonua's  southern  Sierra  Nevada  Mounuins.  These  observations  have  proven  useful 
la  reducing  seasonal  runoff  forecut  error  on  the  Kern  River  watershed  when 
mcorporated  into  procedures  to  update  water-supply  forecuci  u the  melt  seuon 
progresses.  Similar  use  of  snow-covered  ares  on  the  Kings  River  watershed  produced 
results  chat  were  about  equivalent  to  methods  based  solely  on  conventional  data.  Snow- 
covered  area  will  be  most  effective  in  reducung  forecut  procedural  error  on 
waursheds  with:  U)  A substannsl  amount  of  area  withm  a limited  elevauon  range;  (2) 
an  erraac  precipiuaon  or  snowpack  accumulation  pattern,  or  both,  not  strongly  related 
to  elcvaaoo;  and  (3)  poor  coverage  by  precipiuaon  suuons  or  snow  courses  rumcting 
adequate  mdeamg  of  water-supply  condiaons.  When  satellite  dau  acqvusiiion  and 
delivery  problems  ue  resolved,  the  denved  snow-cover  mformauon  should  provide  t 
means  for  enhancing  opcraaonal  streamflow  forecuis. 

REFERENCE:  Range.  Albert,  and  Hsr.r.aford.  Jack  F . "Snow-Covered  Are* 
Ualiuaon  m Runoff  Forecuts."  Jourati  of  'Jie  HydrtuJics  Division,  ASCE.  Vol.  lOS, 
No.  HYl,  Froe.  Paper  14326,  January.  1979,  pp.  53-66 
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The  snownielt-runoff  model  developed  by  Martinec  (1975)  has  been  used  to 
simulate  ditily  streamflow  on  the  228  km^  Dinwoody  Creek  basin  in  Wyoming, 
U.S.A.  using  snowcover  extent  from  Landsat  and  conventionally  measured 
temperature  and  precipitation.  For  the  six-rnonth  snowmelt  seasons  of  1976 
and  1974  the  simulated  seasonal  runoff  volumes  were  within  5 and  1%, 
resfiectively,  of  the  measured  runoff.  Also  the  daily  fluctuatio  of  discharge 
we  re  simulated  to  a high  degree  by  the  model.  Thus  far  the  limiting  basin  size 
for  applying  the  model  has  not  been  reached,  and  improvements  can  be 
expected  if  the  hydrometeorological  data  can  be  obtained  from  a station  inside 
the  basin.  Landsat  provides  an  efficient  way  to  obtain  the  critical  snowcover 
input  parameter  required  by  the  model. 


Introduction 

A snowmelt-runoff  model  has  been  developed  on  the  basis  of  experimental 
measurements  in  two  small  mountain  watersheds  of  central  Europe  (Martinec 
1975).  In  the  present  study,  the  model  was  applied  to  simulate  the  snowmelt- 
runoff  in  a basin  significantly  larger  than  those  on  which  it  was  developed.  The 
changing  areal  extent  of  the  "easonal  snowcover  is  an  essential  variable  in  this 
procedure.  Progress  in  satellite  remote  sensing  (Rango  and  Itten  19'f6)  has 
enabled  aircraft  photographs  to  be  replaced  by  a more  efficient  monitoring  of 
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tnowcover  by  Landsat.  Another  aim  of  this  study  was  to  test  the  use  of  the 
anowmelt-runoff  model  under  conditions  of  a nonnal  hydrometeorological 
network,  i.e.,  a low  density  of  measurement  points  usually  at  low  elevation 
stations,  in  contrast  to  a well-equipped  experimental  or  representative  basin.  The 
model  seems  particularly  amenable  to  these  kinds  of  data  because  it  is  relatively 
simple  and  requires  as  <nput  data  only  the  extent  of  snowcover,  temperature 
(degree  days),  and  precipitation. 

Related  Raaaarch 

Earth  resources  and  environmental  satellites  have  provided  a means  for  the 
timeiy,  efficient  and  accurate  monitoring  of  watershed  snowcovered  area.  Rango 
and  Itten  (1976)  describe  several  techniques  available  for  analysing  the  data 
ranging  from  simple  photointerpretation  to  automated  digital  methods.  The  most 
appropriate  method  should  be  selected  based  on  required  accuracy,  turn-around 
time,  existing  remote  sensing  expertise,  and  facilities  'available.  Rango  and  Itten 
(1976)  indicate  that  snowcovered  area  measurements  from  Landsat  are  as 
accurate  as  aircraft  surveys,  less  expensive  and  hazardous,  and  can  be  used  to 
cover  much  more  extensive  areas. 

The  satellite-derived  snow  extent  data  have  shown  significant  promise  for  u.>e  in 
seasonal  streamflow  estimation.  Rango,  Salomonson,  and  Foster  (1977)  used 
meteorological  satellite  snow  extent  data  to  derive  a regression  relationship 
between  early  April  snowcovered  area  and  April-June  seasonal  yield  on  the  Indus 
River  in  Pakistan.  In  large  data  sparse  areas  such  as  these,  the  snowcovered  area 
data  may  be  the  only  available  hydrologic  information.  Thompson  (1975)  in 
Wyoming  found  that  the  snowcovered  area  on  a particular  date  was  better  related 
to  the  runoff  accumulated  up  to  the  date  of  the  Landsat  pass  expressed  as  a 
percentage  of  the  seasonal  runoff  than  to  just  the  seasonal  runoff.  Such 
relationships  are  not  only  useful  for  volumetric  flow  forecasts  but  also  for  short 
term  w..;:mates  of  time  distribution  of  seasonal  runoff.  Long-term  snowcovered 
area  data  from  aircraft  and,  subsequently,  from  Landsat  have  been  found  to  be 
useful  in  reducing  seasonal  runeff  forecast  enor  when  incorporated  into  procedu- 
res to  update  water  supply  forecasts  as  the  melt  season  progresses  (Rango,  et  al. 
1979).  This  study  found  that  snowcovered  area  will  be  most  effective  in  reducing 
forecast  error  on  watersheds  with  substantial  area  in  a limited  elevation  range, 
erratic  precipitation  or  snowpack  accumulation  patterns,  and  poor  coverage  by 
precipitation  stations  or  snow  courses. 

Regarding  the  use  of  snowmelt  runoff  models  for  daily  flow  simulation 
Viessman  (1968^  states  that  the  areal  extent  of  the  snowpack  must  be  known  as 
this  relates  to  the  potential  snowmelt  contribution  froni  a basin  and  to  initial 
ground  conditions  which  materially  affect  the  disposition  of  melt  water  or  rainfall. 
Models  such  as  by  Martinec  (1975)  or  the  Streamflow  Synthesis  and  Reservoir 
Regulation  (SSARR)  model  (U.S.  Army  Corps  of  Engineers  1975)  recognize  this 
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and  call  for  direct  input  of  ?nowcovered  area.  The  effects  of  elevation  in  relation 
to  snowcovered  area  have  b«en  considered  by  various  investigators.  Martinec 
(1970)  provides  the  option  of  treating  snowcover  in  500  m elevation  zones, 
whereas  the  SSARR  model  has  been  modified  by  Speers,  Kueh'.,  and  Schermer- 
hom  (1979)  for  snowmelt  runoff  simulation  utilizing  up  to  20  elevation  bands.  The 
Swedish  HBV  model  also  has  the  capability  of  handling  snowcover  in  10  different 
elevation  zones  in  a basin,  assuming  uniform  snow  conditions  within  each  band 
(Bergstrdm  1979).  Several  hydrologic  models,  although  not  originally  requiring 
snowcover  input,  have  been  modified  to  accep,  satc.iite  snow  extent  data  for  the 
generation  of  daily  discharge  values  (Leaf  1975;  Hannaford  1977). 


Charactarltttct  of  th«  T**t  Site 

Previous  applications  of  the  snowmelt-runoff  model  have  occurred  on  a variety  of 
small  experimental  watersheds  in  Europe.  They  arc  shown  in  Fig.  1 in  comparison 
with  the  watershed  U!»sd  in  this  study,  the  Dinwoody  Creek  basin  in  west  central 
Wyoming,  U.S.A.  Dinwoody  Creek  is  in  the  Rocky  Mountains,  whereas  Modr^ 
Dhl  is  in  the  Krkonoie  Mountains,  Lago  Mar  in  the  Pyrenees,  Lainbachtal  in  the 
Bavarian  Alps,  and  the  Dischma  basin  in  the  Swiss  Alps. 

Dinwoody  Creek  .$  located  in  the  portion  of  the  Rocky  Mountains  refened  to 
as  the  Wind  River  Mountains  where  the  range  of  elevation  is  from  about  2,000  m 
to  5,000  m.  Two  major  rivers  rise  out  of  the  Wind  River  Range,  namely,  the 


Fig.  1.  Area  and  clevatioEi  range  (AH)  of  basins  in  which  the  snowmelt- 
runoff  model  (Martinec  1975)  has  been  applied. 
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Fig.  2.  Elevation  zones  and  a.^as  of  the  Dinwoody  Creek  basin. 

Green  and  Wind  Rivers,  and  flow  diversions  for  irrigation  are  numerous;  only  in 
the  extreme  headwaters  or  on  small  tributa.<7  streams  do  relatively  unimpaired 
records  exist.  Dinwoody  Creek  is  a tributary  to  the  Wind  River  and  flows  from 
southwest  to  northeast.  As  shown  in  Fig.  2 the  streamgage  is  at  1.981  m,  and  the 
highest  pomt  is  4,202  m. 

The  Dinwoody  Creek  basin  is  typical  of  many  in  the  western  United  States  in 
that  although  it  has  a high  water  yield  from  melting  snow  no  conventional 
hydrometeorological  measurements  are  made  inside  the  basin.  Hourly  temperature 
and  precipitation  are  measured  by  the  National  Weather  Service  in  the  valley  at 
Lander,  Wyoming  at  an  elevation  of  1,696  m and  100  km  from  Dinwoody  Creek, 
and  these  data  were  used  for  input  to  the  snowmelt-runoff  model.  The  U.S.  Soil 
Conservation  Service  measures  snow  depth  and  density  at  3,100  m inside  the  basin 
on  the  1st  of  each  month  from  February  to  May.  Streamflow  is  measured  year- 
round  at  the  streamgage  by  the  U.S.  Geological  Survey.  The  areal  extent  of 
snow'-over  used  in  the  study  was  extracted  from  all  available  0.6-0. 7 /xm  band 


Fig.  3.  Area-elevation  curve  of  the  Dinwoody 
Creek  basin  with  the  hvpsometric  mean 
altitude  of  each  zone  shown. 
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Fig  4.  Landsui  image  of  the  Dinwv>  d>  Creek  ba^in  on  14  Ma>  1976 

images  from  Landsat  and  evaluated  separately  for  the  elevation  zones  shown  in 
Fig  2.  Fig.  3 shows  the  area-elevation  curve  for  Dinwoody  Creek  with  the 
hypsometric  mean  elevation  of  each  zone  indicated.  Fig.  4 is  a Landsat  image  of 
the  Dinwoody  Creek  basin  that  was  used  for  snow  mapping  as  viewed  through  a 
mask  of  the  watershed  boundary 


Application  of  tha  Modal  In  tba  Oinwroody  Craak  Baaln 

The  deterministic  approach  used  in  the  development  of  the  model  facilitates  its 
application  in  new  conditions,  ^or  the  Dinwoody  Creek  basin,  it  was  merely 
found  necessary  to  increase  the  number  of  elevation  bands  to  four  as  shown  in  Fig. 
2 and  to  take  into  account  a longer  time  lag  in  companson  with  the  Dischma  basin. 
The  model  equation  (Marlinec  1975)  was  thus  rearranged  as  follows; 
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Q is  *he  average  daily  discharge  (m^s  '] 

c„  is  t.  runoff  coefficient 

a„  is  the  degree-day  factor  (cm  • ”C'  ■ d '] 

T„  is  the  measured  number  of  degree-days 

AT;,  is  the  correction  by  the  temperature  lapse  rate  (*C  d) 

S„  is  the  snow  coverage  (100%  = 1.0) 

Pn  IS  the  precipitation  contributing  to  runoff  (cm) 

A is  the  area  (m*) 

is  the  recession  coefficient 
n is  an  index  referring  to  the  sequence  of  days 
-4,  B.  C.  D as  subscripts  refer  to  the  four  elevation  zones 
10'^ 

converts  cm  m*  per  day  to  mV 

86400 


(1) 


Values  determined  for  certain  model  parameters  are  pertinent  throughout  the 
entire  snowmelt  season.  The  watershed  area  of  Oinwoody  Creek  as  obtained  from 
topographic  maps  was  228  km*  with  13  km*  for  zone  A,  28  km*  for  zone  B,  9S  km* 
for  zone  C,  and  92  km*  for  zone  D.  The  recession  coefficient  is  determined  from 
the  equation 

>t  « 0.884  5 (2) 

where  ()  is  discharge  in  m'sec  *. 

The  equation  was  derived  by  plotting  Q„  against  Q,.,,  for  recession  flow  cases 
for  1973-1976.  From  the  envelope  of  points  defined  it  is  possible  to  determine  k 
for  any  desired  Q.  By  plotting  k versus  Q on  log  paper,  a straigh*  line  can  be 
defined  and  its  equation  determined  (Fig.  I>).  It  is  evident  that  k increases  with 
decreasing  Q.  The  result  for  Dinwoody  Creek  confirms  the  experience  of  k 
generally  being  greater  in  larger  basins.  From  analysis  of  the  hydrographs,  the 
time  lag  for  Dinwoody  Creek  is  approximately  18  hours,  i.e.,  snowmelt  runoff 


780 


Fig.  5.  Relation  between  the  recession  coefficient  k and  the 
discharge  Q for  Dinwoody  Creek. 


from  the  basin  starts  rising  at  about  midnight  so  that  temperatures  from  0600  to 
0600  hours  correspond  to  discharge  from  2400  to  2400  hours. 

Other  model  parameters  logically  change  throughout  the  snowmelt  season  and 
can  be  adjusted  every  15  days,  if  necessary.  The  degree  day  factor,  a was  shown  by 
Martinec  (1960)  to  be  related  to  the  relative  snow  density,  p , by  the  equation  a = 
1.1 0.  Thus  the  general  seasonal  increase  in  o could  be  used  as  an  index  for  the 
increase  in  a . The  Dinwoody  Creek  basin  a was  gradually  increased  from  0.35  on  1 
April  to  0.60  on  30  September  in  zone  D.  In  view  of  the  length  of  the  snowmelt 
season,  seasonal  variations  of  other  parameters  have  to  be  evaluated.  Based  on 
sparse  information  on  climate  (Barry  and  Chorley  1970),  the  temperature  lapse 
rate  was  estimated  to  be  higher  in  the  Wind  River  Mountains  than  in  the  Alps  and 
to  vary  from  0.85*C  per  100  m in  April  to  0.95*C  per  100  m in  July  to  0.80*C  per 
100  m in  September.  A lack  of  direct  measurements  prohibits  the  actual 
determination  of  the  lapse  rate.  Regional  differences  between  the  meteorological 
station  at  Lander  airport  and  the  mountainous  basin  were  accounted  for  by 
subtracting  up  to  2*C  from  the  Lander  data.  The  runoff  coefficient  was  also 
assumed  to  vary  during  the  season;  it  was  estimated  in  the  range  from  0.85  in 
April  to  0.75  in  July  to  0.90  in  September. 

Three  variables  need  to  be  currently  assessed  for  model  calculations  of  daily 
snowmelt  runoff,  namely,  snowcovered  area,  temperature  (degree  days),  and 
precipitation.  Landsat  0.6-0. 7 /im  images  are  used  at  a scale  of  1:1,000,000  with  a 
zoom  transfer  scope  which  allows  registration  and  interpretation  of  the  snowcover 
on  Dinwoody  Creek  at  1:250,000  scale.  The  snowline  is  traced  across  the  entire 
watershed  and  then  the  snowcovered  area  is  planimetered  manually  in  each  of  the 
four  elevation  zones.  The  points  for  each  Landsat  pass  are  used  to  construct  a 
temporal  snowcover  depiction  curve  for  each  zone.  Once  the  depletion  curves  for 
the  April-September  period  arc  drawn,  the  daily  snowcover  values  are  read  off 
and  substituted  into  Eq.  (1). 

Air  temperature  expressed  in  degree  days  is  used  in  this  simple  model  as  an 
index  of  snowmelt.  Foi  the  Dinwoody  Creek  basin  the  Lander  airport  temperature 
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data  were  used.  The  number  of  degree  days  for  each  24  hour  period  is  determined 
by  summing  the  hourly  temperatures  and  dividing  by  24  and  using  0*C  as  the  base 
temperature.  Temperatures  below  the  freezing  point  are  regarded  as  0*C. 
Maximum  and  minimum  temperatures  could  also  be  used  in  this  degree  day 
determination.  The  degree  d'ly  figures  refer  to  the  24  hour  periods  starting  at  0600 
hours.  These  temperature  data  are  extrapolated  to  the  hypsometric  mean 
elevation  of  the  respective  elevation  zone  by  the  previously  discussed  temperature 
lapse  rate.  The  resulting  degree  days  are  used  for  calculating  snowmelt. 
Extrapolation  errors  would  be  minimized  if  the  temperature  was  measured  in  the 
basin  and  near  the  mean  elevation. 

Daily  precipitation  amounts  at  Lander  were  employed  to  satisfy  the  model 
input  requirements.  Lacking  an  acceptable  m'-thod  for  extrapolating  the  precipi- 
tation data  both  horizontally  and  vertically,  the  lender  data  were  used  as  zonal 
inputs  as  recorded.  Again,  measurement  of  precipitation  in  the  basin  would 
greatly  aid  in  the  application  of  the  model  for  snowmelt  runoff  simulation.  For  the 
final  snowcovered  area  determinations,  the  sequence  of  precipitation  events  at 
Lander  was  used  for  identification  of  late  season  transient  snowfall  temporarily 
causing  an  increase  in  snowcovered  area  but  not  contributing  to  the  snowmelt 
hydrograph. 

Once  all  the  necessary  input  data  were  prepared  on  a daily  basis.  Eq.  (1) 
wa‘  used  to  calculate  snowmelt  depths  by  zones  and  to  transform  these  values  to 
runoff  by  the  previously  mentioned  recession  techniques.  In  the  Dinwoody  Creek 
basin  snowmelt  starts  about  1 April  and  continues  well  into  September.  The 
model  was  used  to  simulate  daily  streamflow  from  1 April-30  September  for  1976 
and  1974.  Specific  parameter  values  decided  on  before  running  the  model  were 
used  throughout.  An  optimization  of  these  values  with  the  aim  to  improve  the 
agreement  of  the  computed  and  measured  runoff  did  not  appear  necessary.  Model 
runs  both  with  no  updates  through  the  entire  period  and  with  runoff  updates  every 
two  months  were  performed.  This  updating  provided  certai'i  improvements  in 
simulations,  but  because  possible  application  on  ungaged  watersheds  is  of 
considerable  interest,  only  simulations  with  no  updating  will  be  discussed. 
Simulated  flow  was  compared  with  discharge  measured  at  the  U.S.  Geological 
Survey  streamgage  both  on  a seasonal  and  daily  basis.  Total  volume  differences 
for  the  six  month  period  were  compared  on  a percentage  basis.  To  facilitate 
comparison  of  the  daily  discharge  amounts  a nondimensional  «goodness  of  fit» 
function  was  used  as  proposed  by  Nash  and  Sutcliffe  (1970)  in  the  following 
equation: 


i j 'i  J 
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where 

is  a measure  of  model  efficiency 
q,  - observe  J discharge 
q'  = simulated  discharge 
q = mean  of  observed  discharge 
n 3:  number  of  discharge  values 

The  measure  of  model  efficiency  that  they  propose  (/?*)  is  analogous  to  the 
coefficient  of  determination  and  is  a direct  measure  of  the  proportion  of  the 
variance  of  the  recorded  flows  explained  by  the  model  (Kite  197S). 


RMUlt* 

The  changing  areal  extent  of  the  seasonal  snowcover  monitored  by  Landsat  is 
important  information  for  the  snowmelt-runoff  model.  Fig.  6 shows  the  zonal 
depletion  curves  of  the  snow  coverage  in  1976.  In  plotting  these  curves  it  is 
advisable  to  bear  in  mind  their  characteristic  shape  (Leaf  19j7)  and  to  disregard 
short  term  deviations  which  may  be  caused  by  occasional  snow  storms  in  the 
summer.  This  new  snow  is  taken  into  account  as  precipitation  contributing  to 
runoff  on  the  first  melting  day  after  the  snowstorm. 

With  parameters  and  variables  determined  on  each  day  as  desrtbed  in  the 
previous  section,  a day-to-day  simulation  of  the  runoff  was  carried  out.  A 
temporal  comparison  with  the  discharge  measured  by  the  U.S.  Geological  Survey 
at  the  outlet  of  the  basin  is  illustrated  in  Figs.  7 and  8 Since  the  simulation  was 


Fig.  6.  Depletion  curves  of  snow  coverage  in  the  Dinwoody  Creek  basin 
in  elevation  zones  A,  B,  C,  and  D for  May  - August  1976. 
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Fig.  7.  Simulated  and  actual  streamflow  for  Dinwoody  Creek  for  Apnl  - September  1976. 
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1974 

Fig.  8.  Simulated  and  actual  streamflow  for  Dinwoody  Creek  for  April  - September  1974. 

continued  for  6 months  without  any  updating  by  the  actual  discharge,  these 
examples  indicate  possibilities  of  the  runoff  simulation  in  ungaged  basins  by  using 
Landsat  data  and  temperature  measurements. 

Comparison  on  a seasonal  basis  for  1976  indicates  a 5%  difference  between  the 
6 month  volumes  for  the  computed  and  measured  Hows.  For  1974  this  volumetric 
difference  is  only  about  1%.  Such  differences  are  quite  reasonable  when 
compared  to  conventional  simulation  procedures.  The  daily  differences  in 
simulated  and  actual  discharge  were  evaluated  using  R‘  Eq.  (3).  For  1976  was 
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0.86  and  for  1974  it  was  0.83.  This  indicates  that  about  85%  of  the  variation  in  the 
actual  daily  runoff  values  is  explained  by  this  modeling  approach. 

The  agreement  between  the  simulated  and  measured  runoff  could  be  improved 
if  temperature  and  precipitation  were  measured  inside  the  basin.  Although  there 
is  a procedure  for  extrapolating  the  Lander  temperature  data  to  the  Dinwoody 
Creek  basin  it  does  not  take  into  account  the  inherent  climatic  differences 
between  the  valley  and  mountain  locations.  The  uncertainties  of  temperature 
extrapolations  can  be  reduced  by  installing  inexpensive  automatic  meteorological 
stations  (Strangeways  and  McCulloch  1%5)  in  the  areas  of  interest.  The 
precipitation  values  assumed  for  Dinwoody  are  probably  in  even  greater  error 
because  of  the  same  climatic  differences.  As  an  example,  Johanson  (1971)  showed 
that  as  the  precipitation  gage  density  increased  from  a single  gage  for  a 2,500  mi^ 
(6,475  km^)  watershed  to  one  per  250  mi^  (648  km^)  the  calibration  error  between 
simulated  and  recorded  flows  improved  from  19%  to  almost  zero. 

An  important  application  of  runoff  models  is,  of  course,  for  use  in  discharge 
forecasting.  Fig.  9 shows  different  runoff  patterns  in  the  two  years  which  have 
been  simulated  with  a reasonable  accuracy.  By  replacing  a simulation  based  on 
data  from  a past  season  with  an  operational  forecast,  the  operation  of  a reservoir 
for  water  power  generation  or  for  water  supply  could  be  improved. 

To  enhance  this  prospect,  the  processing  of  the  Landsat  data  should  be 
accelerated  in  order  to  update  the  depletion  curves  of  the  snow  coverage  within 
several  days  after  each  satellite  overflight.  The  behavior  of  the  depletion  curves  in 
relation  to  the  initial  snow  accumulation  and  to  subsequent  temperatures  should 
be  studied  enabling  extrapolations  to  be  made.  The  range  of  short-term  discharge 
forecasts  depends  on  possibilities  of  temperature  forecasts.  Statistical  temperature 
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Fig.  9.  Cumulative  curves  of  computed  and  measured  runoff  volumes 
for  June  1976  and  1974  for  Dinwoody  Creek. 


data  can  also  be  used  to  predict  the  runoff  to  be  expected  with  a given  probability. 
In  these  cases  the  model  does  not  require  information  on  the  water  equivalent  of 
the  snowcover  at  the  start  of  the  melting  season.  This  value  is  naturally  important 
for  seasonal  forecasts  of  runoff  volume,  but  it  can  hardly  be  measured  on  an  areal 
basis  in  a large  mountain  basin.  It  remains  to  be  seen  whether  water  equivalent 
can  be  measured  in  the  future  by  remote  sensing  or  at  least  approximately 
estimated  by  frequent  snowcover  monitoring. 


Conclusions 

The  snowmelt  runoff  model  developed  by  Martinec  (1975)  was  designed  to 
operate  under  conditions  where  snowmelt  is  the  major  contributor  to  runoff  and 
in  mountain  basins  with  a great  elevation  range.  Originally  the  model  was 
developed  in  small  basins,  but  it  appears  to  be  applicable  in  watersheds  of  several 
hundred  km^,  based  on  results  from  the  Dinwoody  Creek  basin  in  Wyoming.  The 
limiting  upper  size  apparently  has  not  yet  been  reached.  Improved  simulation 
accuracy  would  most  likely  result  from  the  location  of  a hydrometeorological 
station  in  the  basin  at  or  near  the  hypsometric  mean  elevation.  In  fact,  it  seems 
that  the  quality  of  the  hydrometeorological  data  has  had  a more  significant  effect 
on  simulation  accuracy  than  the  increase  in  basin  size  from  43  km^  to  228  km*. 
Conversely,  snowmelt  runoff  computations  in  the  Dinwoody  Creek  basin  were 
facilitated  by  the  relatively  low  summer  precipitation  in  the  area. 

Landsat  provides  the  means  for  obtaining  the  critical  snowcover  input 
parameter  required  by  the  snowmelt  model  on  the  Dinwoody  Creek  basin.  The 
satellite  platform  is  the  most  efficient  way  to  obtain  snow  extent  on  a basin  of  this 
size.  It  must  be  considered,  however,  that  certain  locations  such  as  the  Swiss  Alps 
or  the  northwestern  United  States  have  a high  frequency  of  cloudiness  which 
severely  hampers  the  effectiveness  of  Landsat.  In  such  conditions  geosynchronous 
satellites  or  the  use  of  cloud-penetrating  sensors  operating  in  the  microwave 
region  must  be  considered. 

The  determination  of  model  parameters  and  variables  on  a rational  basis  such 
as  in  this  model  with  little  or  no  optimization  facilitates  its  application  in  new 
basins.  Although  only  stieamflow  simulation  was  attempted  in  this  study,  the  use 
of  this  model  for  discharge  forecasts  has  great  potential.  A means  of  extrapolating 
the  snowcover  depletion  curves  based  on  more  commonly  observed  parameters, 
such  as  temperature  and  snow  water  equivalent,  would  be  required.  Coupling  this 
with  either  forecasts  of  temperature  or  statistical  temperature  data  would  permit 
use  of  the  model  as  a water  management  tool.  The  fact  that  the  model  can  provide 
reasonable  flow  simulations  for  a 6 month  period  without  any  updating  by  actual 
discharge  measurements  further  indicates  the  possible  application  to  ungaged 
watersheds. 
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ABSTRACT 

The  unique  thermal  and  dielectric  properties  of  water  afford  two  possibilities  for  remotely  sensing  the 
moisture  content  in  the  surface  layer  of  the  toil.  Observations  of  the  diurnal  range  of  surface  temperature, 
the  microwave  brightneu  temperature  (emissivity)  and  radar  badiKatter  of  the  toil  have  shown  correlations 
of  up  to  0.9  with  the  moisture  in  the  surface  layer  (*~S  cm  thick).  The  microwave  techniques  appear  to 
maintain  their  sensitivity  to  moisture  variations  in  the  presence  of  a crop  canopy.  Observations  of  micro- 
wave  brightness  temperature  from  satellite  platforms  have  queJitati'aly  confirmed  this  sensitivity  for  a 
wide  range  of  conditions. 


1.  Introduction 

The  unique  thermal  and  dielectric  properties  of 
water  afford  two  possibilities  for  remotely  sensing  the 
moisture  content  in  the  surface  layer  of  the  soil.  The 
large  heat  capacity  and  thermal  conductivity  of  water 
enable  moist  soils  to  have  a large  thermal  inertia.  This 
ti.ermal  inertia  can  be  remotely  sensed  by  observing 
the  diurnal  range  of  surface  temperature. 

The  dielectric  constant  for  water  is  an  order  of 
magnitude  larger  than  that  of  dry  soils  at  microwave 
wavelengths  (30  cm>X>  1 cm).  As  a result  the  surface 
emissivity  and  reflectivity  for  the  soils  at  these  wave- 
lengths are  strong  functions  of  its  moisture  content. 
The  changes  in  emissivity  can  be  observed  by  p-’S^ive 
micro wAve  techniques  (racliometry)  and  the  changes 
in  reflectivity  can  be  observed  by  active  microwave 
techniques  (radar). 

Both  of  these  approaches,  thermal  and  microwave, 
have  been  demonstrated  in  e.ttensive  field  and  aircraft 
measurements.  Correlations  of  about  0.9  have  been 
obtained  between  soil  moisture  in  the  surface  layer 
(—5  cm  thick)  and  microwave  brightness  temperatures 
or  diurnal  range  of  surface  temperature.  The  microwave 
techniques  maintain  their  sensitivity  to  soil  moisture 
variation  in  the  presence  of  a crop  canopy.  Qualitative 
observations  of  the  passive  microwave  sensitivity  have 
been  made  from  satellite  platforms  at  wavelengths  of 
21  and  1.55  cm.  Thus,  it  appears  to  be  possible  to 
monitor  the  moisture  status  of  the  surface  soil  using 
these  techniques. 

Since  NASA  is  planning  or  proposing  spacecraft 
tests  of  these  approaches  this  p>aper  will  provide  an 
opportunity  to  present  the  results  on  which  these 
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proposals  are  based  and  to  discuss  the  relative  advan- 
tages of  each  method. 

2,  Thermal  methods 

The  amplitude  of  the  diurnal  range  of  surface 
temperature  for  ihe  soil  is  a function  of  both  internal 
and  e.xtemal  factors.  The  internal  factors  are  thermal 
conductivity  (K)  and  heat  capacity  (C),  where 
P’^(KC)^  defines  what  is  known  as  “thermal  inertia.’’ 
The  e.Ytemal  factors  are  primarily  meteorological — solar 
radiation,  air  temperature,  relative  humidity,  cloud- 
iness, wind,  etc.  The  combined  effect  of  these  external 
factors  is  that  of  the  driving  function  for  the  diunial 
variation  of  surface  temperature.  Thermal  inertia, 
then,  is  an  indication  of  the  soil's  resistance  to  this 
driving  force.  Since  both  the  heat  capacity  and  thermal 
conductivity  of  a soil  increase  with  an  increase  of  soil 
moisture,  the  resulting  diurnal  range  of  surface  tempera- 
ture will  decrease. 

The  basic  phenomena  are  illustrated  in  Fig.  I,  which 
pr3sents  surface  temperatures  as  measured  with  a 
thermocouple  for  a field  versus  time,  before  and  after 
irrigation.  These  data  were  obtained  at  the  U.  S.  Water 
Conservation  Laboratory'  in  Phoenix  (Idso  et  ai., 
1975). 

The  solid  line  in  Fig.  I is  the  plot  of  surface  tempera- 
ture before  irrigation,  and  the  filled  circles  reflect  the 
data  on  the  day  following  irrigation.  There  is  a dramatic 
difference  in  the  maximum  temperature  achieved  on 
these  two  days.  On  succeeding  days  the  maximum 
temperature  increases  as  the  fleld  dries  out. 

The  summary  of  results  from  many  such  experiments 
is  shown  in  Fig.  2 .vhere  the  amplitude  of  the  diurnal 
range  is  plotted  as  a function  of  the  soil  moisture  as 
measured  at  the  surface  and  at  Orl  cm,  0-2  cm  and 
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0-4  cm  Uyen.  There  U & good  correUtion  with  the 
soil  moisture  in  the  0-2  cm  snd  0-4  cm  Uyers  of  the 
soil,  And  this  response  is  reUtcd  to  the  thermsl  inertit 
of  the  soil.  Initially,  when  the  surface  is  moist,  the 
temperatures  are  more  or  las  controlled  by  evaporation. 
Once  the  surface  layer  dries  below  a certain  level,  the 
temperature  will  be  dettrminsQ  by  the  thermal  inertia 
of  the  soil.  These  results  indicate  that  for  this  partiodar 
soil,  the  diurnal  range  of  surface  temperature  is  a good 
measure  of  its  moisture  content. 

When  these  measurements  are  repeated  for  different 
soils,  there  are  differences  which  depend  on  the  soil 
type.  However,  there  are  certain  characteristia  that 
are  independent  of  the  soil,  type,  and  these  relate  to 
the  evaporation  of  the  water  from  the  soil.  Soil  physicists 
have  characterized  the  drying  of  a soil  in  three  stages : 

• The  wet  sta^e,  where  the  evaporation  is  solely 

determined  by  the  meteorological  condition. 

• An  intermediate  or  drying  stage  where  it  starts 

out  being  in  the  wet  stage  early  in  the  day,  but 
because  there  is  not  a sufficient  amount  of  wate' 
in  the  soil  to  meet  the  evaporative  demand,  the 
evaporation  rate  falls  off. 

• The  dry  stage,  where  evaporation  is  solely  deter- 

mined by  the  molecular  transfer  properties  of 
water  within  the  Swil. 

There  is  a striking  change  in  both  the  albedo  and  the 
ev^Mration  rate  as  the  loil  dries  during  the  traiuition 
from  the  wet  stage  to  drying  stage. 

Temperature  measurements  were  repeated  for  dif- 
ferent soil  types.  The  soils  ranged  from  sandy  or  light 
soils  to  heavy  clay  soils.  It  is  clear  that  for  a given 
diurnal  temperature  difference,  there  can  be  a wide 
range  of  moisture  content  for  these  soils  (Idso  tl  <tl., 
1975). 


However,  the  AT  values  observed  as  the  soils  dried 
through  the  transitions  between  the  stages  mentioned 
above  were  approximately  the  same  for  all  of  the  soil 
types  studied.  Thus  it  hs«  been  concluded  (Idso  tl  al., 
1975)  that  while  the  relation  between  and  moisture 
content  depends  on  soil  tv'pe,  the  relation  between  AT 
and  pressure  potential  (the  te  lion  with  which  water 
is  held  by  soil  particles)  is  independent  of  soil  t>'pe. 
This  is  the  basis  for  expressing  moisture  values  as  a 
percent  of  field  capacity  (FC),  where  field  capacity  is 
taken  to  be  the  moisture  content  at  the  —J  bar  pressure 
potential. 

It  should  be  emphasized  that  these  e.xperiments 
were  all  made  in  a field,  using  thermocouples,  and 
were  not  remotely  sensed.  In  March  1975,  an  e.xperi- 
ment  was  performed  in  which  remotely  sensed  thermal 
infrared  temperatures  from  an  aircraft  platform  were 
compared  with  the  in  jitu  ther  "ocouple  measurements 
over  a 5-day  period.  There  was  good  agreement  between 
the  thermocouple  measurements  and  the  remotely 
sensed  radiation  measurements  made  from  the  aircraft 
(Reginato  tl  al.,  1976 ; Schmugge  tl  at.,  1973),  indicating 
that  the  conclusions  based  on  the  thermocouple  mea- 
surements w’ould  also  be  valid  fcr  radiation  temperature 
observation. 

In  Fig.  3 the  results  from  both  the  field  experiments 
(from  Fig.  2)  rnd  the  aircraft  experimenu  are  presented. 
The  field  results  are  expres^'d  u a percent  of  field 
capacity  so  they  can  be  compared  with  the  aircraft 
results  obtained  over  a wide  range  c.  soil  textures.  The 
good  agreement  between  the  field  and  aircraft  results 
indicate  that  the  resuiu  based  on  the  field  measure- 
menu  can  be  e.xtrapolated  to  the  remote  sensing 
technique  also. 

This  technique  is  not  applicable  to  fields  with  a 
vegetative  canopy.  However,  the  difference  between 
canopy  temperature  and  ambient  air  temperature  has 
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been  ihown  to  be  an  indicator  of  crop  water  use  (Jack- 
son  ft  ai.,  1977],  thus  extoiiag  tbe  usefulness  of  the 
thermal  IR  approach. 

This  ^road)  will  be  studied  further  by  additional 
high  altitude  aircraft  flights  and  by  the  Heat  Capacity 
Mapping  Radiometer  launched  on  the  first  Applications 
Esplorer  Satellite  in  April  1978.  This  sensor  has  two 
channels  (10-12  and  0.5-1. 1 ^m),  the  latter  for 
meaaurinf  surface  albedo.  The  spatial  resolution  will 
be  0.6  km.  The  satellite  will  be  in  a 600  km  sun-syn- 
chronous orbit  with  a 1400  LST  equator  crossing 
to  observe  the  maximum  surface  temperature.  The 


mmitnum  will  be  observed  either  12  h before  or  after 
to  provide  the  diurnal  range.  This  coverage  will  be 
repeated  every  eight  days. 

i.  Microwave  methods 
a.  Soil  ditUctric  ptoftriw 

•\s  noted  in  the  Introduction  the  dielectric  propertias 
of  a soil  are  strongly  dependent  on  its  moisture  content 
because  of  the  la^e  dielectric  constant  for  water, 
approximately  80  u compared  with  5 or  4 for  dry  soils, 
liiis  dependence  is  shown  in  Fig.  4 which  presents  the 
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CAILY  MAXIMUM  - MINIMUM 
SURFACE  SOIL  TEMPERATURE  CC) 

Ftc.  3.  Plot  of  AT  versus  soil  moisture  in  the  0-2  cm  layer. 
The  symbols  represent  the  different  types  of  temperature  measure- 
meat:  (•),  (□),  surface  thermocouple;  tO).  hand-held  radiom- 
eter; (A),  aircraft  dau  over  teat  t^t;  (X),  aircraft  data  oxer 
the  general  agricultural  fields.  C(*)>  (O).  (O).  (A)  from 
Reginato.et  aL  (1976) ; (X)  from  Schmugge  €t  at.,  (1978)  j 

results  of  laboratory  measurements  at  wavelengths  of 
21  and  1.55  on.  The  wavelength  dependence  is  due 
to  the  difference  in  the  dielectric  properties  of  water 
at  the  two  wavelengths. 

At  low  levels  there  is  a slow  inaease  with  soil  moisture 
but  above  a certain  point  there  is  a sharp  increase  in 
the  slope  of  the  curve  which  is  due  to  the  behavior  or 
rhe  water  in  the  soil.  When  ater  is  first  added  to  a 
soil  it  is  tightly  bound  to  the  soil  particles  and  in  this 
state  the  water  molecules  are  not  free  to  become  aligned 
and  the  dielectric  pupertics  of  this  water  are  similar 
to  those  of  ice.  As  the  layer  of  witer  around  the  soil 
particle  becomes  larger,  the  binding  to  the  particle 
decreases  and  the  water  molecules  behave  as  they  do 
in  the  liquid,  hence  the  greater  slope  at  the  higher  soil 
moist-  : values.  The  transition  depends  on  the  soil 
texture,  i.e.,  particle  size  distribution  being  lower  for 
a sand  and  la^e  for  a clay.  This  effect  has  been  demon- 
strated in  laboratory  measurements  of  the  dielectric 
constant  (Lundien,  1971 ; Newton,  1976). 

Recall  that  the  dielectric  constants  of  the  medium 
describe  propagation  characteristics  for  an  electro- 
magnetic wave  in  the  medium.  Therefore,  they  deter- 
mine the  emissive  and  reflective  properties  for  a 
smooth  surface. 

4.  Passive  microwave  response  to  soil  moistui  e 

A microwave  radiometer  measures  the  theriuai 
emission  from  the  surface  and  at  these  wavelengths  the 
intensity  of  the  observed  emission  is  essenti  illy  propor- 
tional to  the  product  of  the  temperature  and  emissivity 
of  the  surface  (Rayleigh-Jeans  approximation).  This 
product  is  commonly  reierred  to  as  brightness  tempera- 


ture. All  our  results  will  be  e-xpressed  as  brightness 
temperatures  (To).  The  value  of  Ta  observed  by  a 
radiometer  at  a height  k above  the  ground  is 

r*«T(rr,kr  — (1— r)T ,urf ) + T Aimt  (1) 

where  f is  the  surface  reflectivity  and  r ihe  atmospheric 
transmission.  The  first  term  is  the  reflected  sky  bright- 
ness temperature  which  depends  on  wavelength  and 
atinospheric  conditions ; the  second  term  is  the  emission 
from  the  surface  (1— r*e,  where  e is  the  e-missivi-^y) ; 
and  the  third  term  is  the  contribution  from  the  atmo- 
sphere between  the  surface  and  the  receiver.  At  the 
longer  wavelengths,  i.e.,  these  best  suited  for  soil 
moisture  sensing,  the  atmospheric  effects  are  minimal 
and  will  be  neglected  in  this  discussion. 

The  range  of  dielectric  constant  presented  in  Fig.  4 
produces  a change  in  emissivity  from  greater  than  0.9 
for  a dry  soil  to  less  than  0.6  for  a wet  soil,  assuming  an 
isotropic  soil  wth  a smooth  surface.  This  change  in 
emissivity  for  a soil  has  been  observed  by  truck-mounted 
radiometers"  in  field  experiments  (Poe  et  al.,  1971; 
Newton,  1976),  and  by  ’ radiometers  in  aircraft 
(Schmugge  el  al.,  197-1)  and  satellites  (Eagleman  and 
Lin,  1976).  In  no  case  were  emissivities  as  low  as  0.6 
observed  for  real  surfaces.  It  is  believed  that  this  is 
primarily  due  to  the  effects  of  surface  roughness  which 
generally  has  the  effect  of  increasing  the  surface 
emissivity. 

As  can  be  seen  in  Fig.  4 there  is  a greater  range  of 
dielectric  constant  for  soils  at  the  21  cm  wavelengths. 
This  fact  combined  with  a larger  soil  moisture  sampling 


Fic.  4.  Depeadence  of  the  soU’i  dielettric  constant 
on  its  moisture  content. 
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(a) 


(b) 


(c) 


Fro.  S.  Rnults  from  field  meaiuiemenu  performed  at  Texas  .•‘.iAI  University  ^al  Tt  versus  angle  for  different  moisture  levels, 
(b)  Tt  versus  angle  for  different  surface  roughness  at  about  the  same  moisture  level,  ic)  T$  versus  sod  moisture  in  different  layers  for 
the  medium  rough  field  i.Xewcon,  19T6). 


depth  tuid  better  ability  to  penetrate  a vegetative 
canopy  make  the  longer  wavelength  sensors  better 
suited  for  soil  moisture  sensing. 

In  Fig.  5,  the  held  measurements  of  Newton  {IbTo) 
are  plotted  versus  angle  of  observation  for  various 
moisture  contents  and  for  three  levels  of  surface 
roughness.  The  horizontal  polarization  is  that  for  which 
the  electric  field  of  the  wave  is  parallel  to  the  surface 
and  the  vertical  polarization  is  perpendicular  to  it. 

These  results  indicate  the  effect  oi  moisture  content 
on  the  observed  values  of  T s and  the  effect  of  surface 
roughness  which  is  to  increase  the  effective  emissivity 
at  all  angles  and  to  decrease  the  difference  in  fg  for 
the  two  polarizations  at  the  larger  angles. 


For  the  smooth  field  there  is  a 100  K change  in  T» 
in  going  from  wet  to  dr>-  soils  and  it  is  clear  that  this 
range  is  reduced  by  surface  roughness.  The  effect  of 
the  roughness  is  to  decrease  the  reflectivity  of  the 
surface  and  thus  tc  increase  its  emissivity.  For  a dry 
field  the  reflectivity  is  already  small  v<0.1)  so  that  the 
resulting  increase  in  emissivity  is  small.  .As  seen  in 
Fig.  5b  surface  roughness  has  a significant  effect  for 
wet  fields  where  the  reflectivity  is  larger 
Thus  the  range  of  T b for  the  rough  field  is  reduced  to 
about  60  K.  The  smooth  and  rough  fields  represent  the 
extremes  of  surface  conditions  that  are  likelv  to  be 
encountered,  e.g.,  the  rough  surface  was  on  a neid  with 


a heavy  clay  soil  (clay 


fraction >60*^01  that  had  been 
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Fig.  ft  .Vircraft  obj«rv»tion»  of  T*  over  i^cultuml  fields  around  Phoenuf  ia)  bare  field  results  from  1 73  fiitht 
b)  lare  field  results  from  1973  flights;  tc;  vegetated  field  results  from  both  yean. 
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Fic.  7.  SkyUb  observations  of  Tt  at  21  cm  compared  with 
antecedent  precipitation  o^er  Texas  and  Oklahoma  (McFarland. 
1976). 


deep  plowed  which  produced  large  clods.  Therefore 
the  medium  rough  field,  with  a Ts  range  of  80  K.  is 
probably  more  representative  of  the  average  surface 
roughness  condition  that  will  be  encountered.  Another 
important  observation  from  Fig.  5 is  that  the  average 
of  the  vertical  and  horizontal  Ta’s  is  essentially 
inaependent  of  angle  out  to  -W®.  This  indicates  that  the 
sensitivity  of  this  quantity,  iiTav+TsH),  to  soil 
moisture  will  be  independent  of  angle.  This  factor  will 
be  useful  if  the  radiometer  is  to  be  scanned  to  provide 
an  image. 

When  the  brightness  temperatures  fot  the  medium 
rough  field  are  plotted  versus  soil  moisture  in  tlie 
0-2  cm  layer  there  is  an  approximate  linear  decrease 
of  Ta  (Fig.  5c).  As  the  thickness  of  the  layer  increases 
both  the  slope  and  intercept  of  the  linear  regression 
result  also  increase.  This  is  because  the  moisture  for  the 
high  Tb  cases  increases,  while  it  remains  essentially 
the  same  for  the  low  Ta  or  wet  cases.  This  type  of 
behavior  was  also  seen  in  the  results  obtained  from 
aircraft  platforms  and  has  led  us  to  conclude  that  the 
soil  moisture  sampling  depth  is  in  the  2-5  cm  range 
for  the  21  cm  wavelength.  This  is  in  agreement 'with 
the  predictions  of  theoretical  results  for  radiative 
transfer  in  soils  (Wilheit,  1978;  Burke  et  al.,  1978). 

The  results  from  aircraft  experiments  are  summarized 
in  Fig.  6 where  the  results  from  flights  in  February 
1973  (Schmugge  et-  al.,  1976)  and  March  1975 
(Schmugge,  1976)  ever  Phceni.x,  .Arizona,  are  presented. 
The  T a values  are  plotted  versus  soil  moisture  e.xpressed 
as  a percent  of  field  capacity  as  was  done  for  the 
thermal  inertia  case  (Fig.  3)  to  normalize  the  effect 
of  soil  texture  differences.  The  agreement  of  the  slopes 
for  the  three  regressions  indicates  that  the  results  are 
repeatable.  The  differences  in  the  intercepts  are  due 
to  the  differences  in  soil  temperature.  This  is  particularly 
evident  in  the  difference  between  the  1975  morning  and 


afternoon  results.  Also,  note  that  the  range  of  Tg 
(80  K)  is  in  good  agreement  with  the  medium  rough 
field  of  Fig.  5. 

The  effect  of  a vegetative  canopy  will  be  that  of  an 
absorbing  layer  that  depends  on  the  amount  of  the 
vegetation  and  the  wavelength  of  observations.  In 
F’g.  6c  the  results  for  vegetated  fields  from  the  two 
years  are  presented.  The  vegetation  was  either  alfalfa 
or  wheat  with  the  wheat  being  20-30  cm  high  in 
1973  and  50-60  cm  high  for  the  1975  data.  The  slope 
of  the  curve  is  in  good  agreement  with  those  for  the 
bare  fields.  The  intercept  is  lower  due  to  the  cooler 
soil  temperatures.  Thus  the  sensitivity  to  soil  moisture 
is  maintained  through  the  moderate  vegetative  canopies 
considered  here.  This  result  is  supported  by  the  field 
measurements  of  Newton  (1976)  who  found  the  sensi- 
tivity maintained  through  125  cm  of  closely  planted 
sorghum. 

As  has  been  reported  by  McFarland  (1976)  and  by 
Eagleman  and  Lin  (1976),  the  sensitivity  of  the  21  cm 
radiometer  to  soil  moisture  has  already  been  demon- 
strated from  space  during  the  Skylab  mission. 
McFarland  show^  a definite  relationship  between  the 
Skylab  21  cm  brightness  temperatures  and  the  .Ante- 
cedent Precipitation  Index  (.API).  Fig.  7 presents  these 
results  for  a pass  starling  over  the  Texas  and  Oklahoma 
panhandles  and  proceeding  to  the  southeast  toward 
the  Gulf  of  Mexico.  Each  point  plotted  is  the  observed 
brightness  temperature  and  the  .API  calculated  from 
all  the  rain  gages  within  the  110  km  footprint.  Since 
there  is  considerable  overlap  for  the  radiometer  foot- 
prints presented  here,  this  plot  should  be  considered  as 
a comparison  of  the  running  average  of  Ta  with  .API. 
.As  such  it  shows  the  sensitivity  of  spacebome  radiom- 


Fic.  8.  Skylab  observation  of  7a  at  21  cm  compared  with  soil 
moiiture  estimates  from  ftve  passes  over  the  southern  Great 
Plains  (Eagleman  and  Lin.  19761 
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eter  to  the  soil  moisture  variatioiu  caused  by  the 
nonfall. 

E«gl<man  and  Lin  (1976)  carried  the  anal>'sis  of 
the  Skyiab  data  a step  further,  and  compart  the 
brightness  temperature  with  estimates  of  the  soil 
moisture  over  the  radiometer  footprint.  The  soil 
moisture  estimates  were  based  on  a combination  of 
actual  ground  measurements  and  calculations  of  the 
soil  moisture  using  a climatic  water  balance  model 
A summary  of  their  results  is  presented  in  Fig.  8 for 
12  footprints  obtained  du-ing  five  different  Skyiab 
passes  over  the  states  of  Texas,  Oklahoma  and  Kansas. 
The  correlation  coefficient  for  these  12  data  points  is 
0.96,  which  is  very  good  considering  the  difficulty  of 
obtaining  soil  moisture  information  over  a footprint 
of  such  a size  and  considering  the  fact  that  the  bright- 
ness  temperature  was  averaged  over  the  wide  range  of 
cultural  conditions  that  occurred  over  the  area. 

These  results  from  space  supported  by  the  more 
detailed  aircraft  and  ground  measurements  presented 
earlier  give  strong  support  to  the  possibility  of  using 
nucrowave  radiometers  for  soi'  moisture  sensing.  There- 
fore, to  pursue  this  technique  further,  N.\S.\  is  giving 
strong  consideration  to  flying  a 21  cm  radiometer  on  a 
future  mission  to  monitor  soil  moisture  variations 
globally.  A candidate  system  would  have  a 10  mX  10  m 
antenna  which  provides  20-40  km  spatial  resolution 
from  a 800  km  orbit.  The  proposed  launch  date  for  this 
mission  is  the  mid  l980’s. 

c.  Active  micTjwavt  response  to  soil  moisture 

The  backseat  ter  ng  from  an  extended  target,  such 
as  a soil  medium,  is  characterized  in  terms  of  the 
target’s  scattering  coefficient  ir®.  Thus,  <r“  represents 


the  link  between  the'target  properties  and  the  scatter- 
oineter  responses.  For  a given  set  of  sensor  parameters 
(wavelength,  polarization  and  incidence  angle  relative 
to  nadir),  <r®  of  bare  soil  is  a function  of  the  soil  surface 
roughness  and  dielectric  properties  which  depends  on 
the  moisture  content.  The  variations  of  with  soil 
moisture,  surface  roughness,  incidence  angle  and 
observation  frequency  have  been  studied  extensively 
in  ground-based  experiments  conducted  ‘ / scientists 
at  the  University  of  Kansas  (Batlivala  and  Ulaby, 
1977)  using  a truck  mounted  1-18  GHz  active  micro- 
wave  system. 

To  understand  the  effects  of  look  angle  and  surface 
roughness  consider  the  plots  of  it*  versus  angle  presented 
in  Fig.  9 for  five  fields  with  essentially  the  same  moisture 
content  but  with  considerably  different  surface  rough- 
ness. .\t  the  longest  wavelength  (l.l  GHz,  Fig.  9a), 
<r®  for  the  smoother  fields  is  very  sensitive  to  incidence 
angle  near  nadir,  while  for  the  rough  field  a®  is  almost 
independent  of  angle.  At  an  angle  of  about  5®  the 
effects  of  roughness  are  minimized.  .\s  the  wavelength 
decreases  (Figs,  9b  and  9c)  all  the  fields  appear  rougher, 
especially  the  smooth  field,  and  as  a result  the  intersec- 
tion point  of  the  five  curves  moves  out  to  larger  angles. 
At  4.25  GHz  the  intersection  occurs  at  10°,  and  it  was 
this  combination  of  angle  and  frequency  that  yielded 
the  best  sensitmty  to  soil  moisture  independent  of 
roughness. 

These  expenments  were  performed  in  both  1974  and 
1975,  the  first  on  a field  with  high  clay  content  (62%), 
the  second  with  a lower  clay  content.  Although  both 
e.xperiments  provided  the  same  specifications  of  the 
radar  parameters  for  soil  moisture  sensing,  i.e.,  fre- 
quency around  4.75  GHz  and  a 7-17®  nadir  angle, 
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Fig.  9.  .\osui&r  mponsc  of  K&ttenof  coeficieQt  (or  the  five  fields  m high  levels  motscure  content  L*b  jid  (1.1  GHz) , (b)  C-b&od 
t4.25  GHz).  H'l  X-band  m 25  GHz).  19T5  soil  n:wisture  CTpenment  iBaiUvala  and  Ulaby,  1977V 
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Fig.  10.  Bitcksuttering  coefficient  plotted  u a function  of  loil  moisture  given  (a)  in  percent  of  field  capacity 
of  the  top  1 cm  and  (b)  volumetrically  in  the  cop  1 cm.  1974  and  1975  bare  soil  e.xperiment  dau  are  combined 
(Batlivmia  and  Ulaby,  19771. 


the  observed  sensitivity  of  to  soil  moisture  was 
different  for  the  two  e.'tperiments  (Fig.  10b).  When 
the  soil  moisture  content  is  expressed  as  a percent  of 
field  capacity  to  account  for  textural  differences,  the 
sensitivities  became  almost  identical  (Fig.  lOa)  with 
a correlation  of  0.84.  This  dependence  on  the  percent 
of  field  capacity  is  similar  to  that,  observed  with  the 
thermal  inertia  and  passive  microwave  techniques. 

There  have  been  some  recent  e.xperiments  studying 
the  active  microwave  approach  from  aircraft  and  the 
results  should  be  available  in  the  near  future.  In  1978 
thei-  will  be  additional  experiments  performed  with  a 
scatterometer  operating  near  the  optimum  frequency 
and  should  demonstrate  the  capabilities  of  this 
approach. 

3.  Discussion 

At  the  present  time  none  of  the  three  methods 
presented  here  has  the  clear  advantage  for  being  the 
preferred  method  of  remote  sensing  of  soil  moisture. 
The  thermal  IR  approacn  has  the  advantage  of  provid> 
ing  useful  thermal  data  that  may  be  an  indicator  of 
crop  status  and  is  capable  of  providing  soil  moisture 
data  at  high  spatial  resolutions.  However,  the  usefulness 
of  this  approaa  lost  in  the  presence  of  cloud  cover. 
The  ability  ol  me  microwa/e  sensors  to  penetrate 
non-raining  clouds  makes  them  very  attrictive  for 
use  as  soil  moisture  sensors.  The  passive  tnicrowave 
technique  has  been  demonstrated  by  both  aircraft  and 


spacecraft  instruments,  but  the  spatial  resolution  is 
limited  by  the  sire  of  the  antenna  which  can  be  flown. 
For  e.xample,  at  a wavelength  of  21  cm,  a 10  mXlO  m 
antenna  is  required  to  yield  20  km  resolution  from  a 
satellite  altitude  of  SCO  km.  It  is  possible  to  make  use 
of  tl  t coherent  nature  of  the  signal  in  active  microwave 
systems  (Synthetic  .Aperture  Radar,  S.AR)  to  obtain 
better  spatial  resolutions  (Moore,  1975).  However, 
the  caoabilities  of  such  systems  for  soil  moisture 
sensing  remain  to  be  demonstrated  from  either  aircraft 
or  spacecraft  platforms.  .Also,  the  strong  effects  of 
incidence  angle  and  surface  roughness  makes  the 
unambiguous  determination  of  soil  moisture  difficult 
with  this  type  of  sensor. 

While  it  is  clear  that  no  one  system  will  satisfy  all 
requirements  that  may  be  desirable  for  a soil  moisture 
sensing  system  (i.e.,  frequent,  high-resolution  coverage 
on  a global  basis),  a microwave  radiometer  with  the 
characteristics  mentioned  above  would  provide  wide 
area  coverage  with  10-20  km  resolution  every  two  or 
three  days.  This  system  could  be  supplemented  ishth 
either  the  thermal  IR  or  radar  high-resolution  data  on 
a sampling  basis. 
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SOIL  MOISTURE  SENSING  WITH  AIRCRAFT  OBSERVATIONS 
OF  THE  DIURNAL  RANGE  OF  SURFACE  TEMPERATURE* 

T.  Sclmugge.  B.  Blanchard,  A.  Andenon.  and  J.  * 


ABSTRACT:  Aircraft  observations  of  the  surface  temperature  were  made  by  measurements  of 
the  thermal  emission  in  the  8-14  ijm  band  over  airicultural  fields  around  Phoenlv.  Arizona.  The 
diurnal  range  of  these  surface  temperature  measurements  were  well  correlated  with  the  ground 
measurement  of  soil  moisture  in  the  0*2  cm  byer.  The  surface  temperature  observations  for 
vegetated  fields  were  found  to  be  within  1 or  2*^C  of  the  ambient  air  temperature  indicating  no 
moisture  stress.  These  results  indicate  that  for  clear  atmospheric  conditions  remotely  sensed 
surface  temperatures  can  be  a reluble  indicator  of  soil  moisture  conditions  and  crop  status. 
(KEY  TERMS,  remote  sensing:  soil  moisture;  crop  status;  thermal  inertia.) 


In  a recent  paper  Reginato.  et  al..  (1976)  discussed  the  possibility  of  using  remotely 
sensed  surface  temperature  data  for  estimating  soil  moisture.  Their  observations  were  for 
their  laboratory  field  at  the  Water  Conservation  Laboratory  in  Phoenix.  Data  acquired 
by  aircraft  radiometers  operating  in  the  8-14  jam  band  for  agricultural  fields  around 
Phoenix  support  their  conclusions  and  extend  them  to  a wider  range  of  conditions. 

Temperature  observations  for  fields  with  a vegetative  canopy  are  also  presented.  These 
temperatures  were  generally  within  1 or  2 K of  the  air  temperatures  reported  for  the  area 
which  is  to  be  expected  for  non-moisture  stressed  plants  (Idso  and  Ehrler.  l^'b). 


BACKGROUND 

The  amplitude  of  the  diurnal  range  of  surface  temperature  for  the  soil  is  a function  of 
both  internal  and  external  factors.  The  internal  factors  are  thermal  conductivity  (K). 
density  (p)  and  heat  capacity  (C),  the  combination  P ■ (KpC)*’*  defines  what  is  known  as 
“thermal  inertia."  The  external  factors  are  primarily  meteorological;  solar  radiation, 
air  temperatur:.  relative  humidity,  cloudiness,  wind.  etc.  The  combined  effect  of  these 
external  factors  is  that  of  the  driving  function  for  the  diurnal  variation  of  surface  tempera- 
ture. Thermal  inertia  then  'S  an  indication  of  the  soil's  resistance  to  this  driving  force. 
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Since  both  the  heat  capacity  and  thermal  conductivity  of  a soil  increax^  with  an  increase 
of  soil  moisture!  the  resulting  diurnal  range  of  surface  temperature  will  decrease.  Typical 
values  of  ? in  units  of  cal/cm-  sec^°C  will  range  from  0.02  for  dry  soils  t.o  about  0.1  for 
wet  soils. 

The  basic  phenomena  are  illustrated  in  Figure  I,  which  presents  surface  temperatures 
as  measured  with  a thermocouple  for  a field  versus  time,  before  and  after  irrigation. 
Th*se  data  were  obtained  by  Dr.  Ray  Jackson  and  his  colleagues  at  the  U.S.  Water  Con- 
servation Laboratory  in  Phoenix  and  have  recently  been  published  (Idso.er  a/.,  1975). 


LOCAL  TIME  (HOURS) 


Figure  1 . Oiurrul  Surface  Temperature  Variation  as  Measured  by  a Thermocouple. 
(Data  from  U.S.  Water  Conservation  Laboratory  in  Phoenix,  Arizona) 


The  solid  line  in  Figure  I is  the  plot  of  surface  temperature  before  irrigation,  and  the 
solid  circles  reflect  the  data  on  the  day  following  irrigation.  There  is  a dramatic  dif- 
ference in  the  maximum  temperature  achieved  on  these  two  days.  On  succeeding  days 
the  maximum  temperature  increases  as  the  field  dries  out. 

The  summary  of  results  from  many  such  experiments  is  shown  in  Figure  2 where  the 
airiplitude  of  the  diurnal  range  is  plotted  as  a function  of  the  soil  moisture  measured  at 
the  surface  and  in  0-1,  0-2.  and  0-4  cm  layers  of  the  soil,  and  this  response  is  related 
to  the  thermal  inertia  of  the  soil.  Initially,  when  the  surface  is  moist,  the  tempera- 
tures are  more  or  less  controlled  by  evaporation.  Once  the  surface  layer  dries  below  a 
certain  level,  the  temperature  will  be  determined  by  the  thermal  inertia  of  the  soil.  These 
results  indicate  that  for  this  particular  soil,  the  diurnal  range  of  surface  temperature  is  a 
good  measure  of  its  moisture  element. 
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When  these  measurements  are  repeated  for  different. soils  runginj;  in  texture  from 
sandy  loam  to  day  there  are  differences  which  depend  on  the  soil  type,  as  shown  in 
Figure  3.  However,  when  Idso.  et  ai,  { l‘>75)  compared  OT  with  the  soil  water  pressure 
potential  (Figure  4)  the  results  were  largely  independent  of  soil  type.  This  indicates  that 
it  may  be  possible  to  remotely  sense  the  state  of  the  water  independent  of  si>il  type. 


VOLUMETRIC  WATER  CONTENT  (cm’  cm"’  ) 


Figure  3 The  Amnluude  of  the  Diurnal  Surijce  Soil  Temperature  Diflercnce 
Versus  the  Mean  Daylight  Volumetric  Soil  Wjtcr  Content  of  the  0-2  cm  Depth 
Increment  for  Four  Different  Soils  (Idso.  tt  ai.  1975). 


Two  recent  papers  (Idso  and  Ehrler.  1^76,  and  Jackson,  et  at..  1^77)  have  reported 
that  observations  of  the  caitopy  temperature  of  a crop  were  indicative  of  the  moisture 
status  of  :he  crop  Idso  and  Ehrler  found  that  a positive  value  for  T^  - T^.  where  T^  is 
the  canopy  temperature  and  T;^  is  the  air  temperature,  is  an  indicator  of  moisture  stress 
in  the  plant.  In  the  second  paper  (Jackson,  erj/.,  1977)  this  concept  was  extended  to  the 
estimation  of  water  use  by  wheat.  They  found  that  the  summation  of  T(;  - T^  over  time 
yielded  a factor  termed  the  stress  legree  day  which  was  well  correlated  with  measured 
water  use  m six  experimental  pf'is. 


, 4 


801 


Soil  Moiitur*  S«tuin|  with  Aircraft  Observation!  of  the  Diurnal  Range 


PRESSURE  potential (mb) 


Figure  4.  The  Amplitude  of  the  Diurnal  Suriace  Soil  Tempetatuie  Difference 
Versus  the  Mean  Daylight  Soil  Water  Pressure  Potential  of  the  0-2  cm 
Depth  Increment  for  Four  Different  Soils  (Idso.  tt  ai.  1975), 


EXPERIMENTAL  DETAILS 

The  aircraft  measurements  were  made  by  a Barnes  PRT-5  radiometer  installed  on  the 
NASA  P*3A  aircraft.  The  flights  were  in  April  l'>74  and  March  1975.  The  radiometer 
operating  in  8-14  tjar  band  had  a 2°  field  of  view  and  a precision  of  1®C.  The  surface 
measurements  of  the  soil  moisture  were  made  at  four  points  in  a 400  \ 400  m (40  acre) 
field.  At  each  point  soil  samples  were  taken  for  the  following  depths:  0-1.  1-2.  2-5.  5-9. 
and  9-15  cm.  For  furrowed  fields  the  five  samples  were  taken  from  both  the  top  and 
bottom  of  furrows,  'ihe  values  of  soil  moisture  presented  here  are  the  averages  of  the 
four  points.  The  details  of  the  surface  measurements  are  described  elsewhere  (Blanchard. 
197S).  To  correlate  the  surface  measurements  with  the  aircraft  observations  air  photos 
were  used  to  locate  the  aircraft  as  a function  of  time . 

Surface  temperature  observations  were  made  during  pre-dawn  and  early  afternoon 
flights  on  March  18  and  22,  1975.  The  area  was  cloudy  for  the  afternoon  flight  on 
March  22,  thus  rendering  the  surface  temperature  measurements  on  this  day  unusable  for 
remote  sensing  purposes.  The  observations  on  Match  18  agree  with  those  reported  in 
Idso,  ef  al..  (1975)  for  both  the  diurnal  range  of  soil  temperature  and  the  soil-air 
temperature  difference. 

The  1974  flights  were  on  the  afternoon  of  April  5 and  the  early  morning  of  April  6. 
A complete  set  of  soil  moisture  measurements  were  made  for  afternoon  flight  only.  For 
this  flight  the  range  of  the  PRT-5  was  set  for  a maximum  temperature  40*^C . surface 
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temperatures  above  this  value  were  e.xtrapolated  using  the  gray  levels  of  an  imager  (Te.xas 
Instrument  RS-U).  The  details  of  this  piocess  are  given  in  the  report  of  that  mission 
(Schmugge. era/.. 

As  noted  in  Figure  3 AT  fur  given  soil  moisture  depends  on  soil  type,  but  that  AT  is 
related  to  soil  moisture  e.xpressed  in  terms  of  pressure  potential  independent  of  soil  type. 
Since  we  do  not  have  data  on  the  moisture  characteristics  of  the  soils  studied  we  have 
chosen  to  relate  the  measured  soil  moisture  to  field  capacity  for  the  soil  estimated  from 
soil  texture  information  for  each  field.  Tliis  was  done  using  regression  relationships 
developed  from  data  of  over  100  soils  for  which  the  moisture  characteristics  and  texture 
information  were  available  (Schmugge.  er  at.,  1976).  The  expression  used  for  estimating 
the  field  capacity  (FC)  was. 

FC  • 25.1-0.21  < sand  + G 22  x clay 
where  sand  and  clay  are  their  respective  fraction  expressed  in  peicent. 


RESULTS 

Three  passes  were  flown  over  each  line  for  both  the  morning  and  afternoon  flights  ;n 
March  18.  1975.  In  the  morning  the  flights  were  from  6 00  to  7;3I  MST.  sunrise  being 
at  6:08.  The  minimum  temperatures  were  observed  during  the  second  pass  between  6:26 
and  6:52.  i.e..  before  solar  heating  had  an  effect  on  the  surface.  The  afternoon  flights 
we*e  between  12:10  and  1 :20  .MST  with  the  maximum  temperatures  observed  during  the 
third  pass  1 :00  and  1 :20  It  is  possible  that  higher  surface  temperatures  may  have  been 
attained  later  m the  afternoon  (i.e..  around  2. 00)  but  it  is  expected  that  the  difference 
would  be  approximately  1 or  2®C. 

The  data  for  the  difference  between  the  third  pass  in  afternoon  and  the  second  pass 
in  the  morning  are  presented  in  Figures  5a  and  5b.  The  soil  moisture  values  used  here 
are  the  averages  of  the  data  taken  during  the  predawn  and  .ifternoon  flights.  Jackson, 
era/..  ( 1976)  have  shown  that  the  24-hour  average  soil  moisture  is  well  represented  by  the 
averages  of  measurements  made  at  0500  and  1400  hours.  These  were  approximately  the 
times  of  the  1975  measurements,  and  thus  our  moisture  values  should  accurately  reflect 
the  average  moisture  content  for  the  day.  On  the  basis  of  detailed  sampling  done  for  one 
field  the  uncertainty  of  the  0-2  cm  moisture  sample  using  only  four  points  per  field  is 
estimated  to  be  15'7  (Schmugge.  er  ai.  1976),  The  estimates  of  field  capacity  from  soil 
texture  also  introduces  uncertainty  at  about  the  same  level  resulting  in  total  uncertainty 
of  about  2557. 

In  Figure  5a  the  AT  values  are  plotted  versus  the  raw  soil  moisture,  the  correlation 
coefficient  (r)  is  0.82.  Tlie  value  of  r increased  to  0.89  when  soil  moisture  is  expressed  as 
a percent  of  field  capacity,  in  spite  of  the  increased  iceriainty  introduced  by  out  esti- 
mate of  field  capacity. 

The  .April  1974  data  are  presented  in  Figure  6 The  correlation  for  these  data  alone  is 
0.70:  when  tlje  1975  data  are  added  the  correlation  is  improved  to  0.78  The  soil 
moisture  measurements  were  only  tor  the  afternoon,  and  would  be  expected  to  be  drier 
than  the  24-huur  average.  Scatter  in  the  data  for  low  soil  moistures  is  due  partially  to 
1 to  2"C  uncertainty  of  the  measurements  above  40'^C.  and  also  the  uncertainty  of  the 
soil  estimates.  The  range  of  AT's  observed  in  both  of  these  data  sets  agree  with  those 
of  Reginaio  ict  al . 1 9^6),  i.e..  about  40"C  for  dry  fields  and  20‘*C  for  the  wet  fields 


803 


MAXIMUM  - MINIMUM  MAXIMUM  - MINIMUM 


Schmuffc,  Blanchard,  Andcrron.  and  Wang 


50 


^40 


S < 

= tu 
I uj 


30 


3 -I 
2 5 20 

<UJ 

2 U 
< 
u. 

Sio 

in 


0% 


f 


ooooooo^e 

0 0 H 

e 0 „o^- 
”000 


.0 

«AO 

00  ' 


0 

0 o 


1-0-^ 


0 - APRIL  5-'5,  1974  FLIGHTS 
A - MARCH  ;.8,  1975  FLIGHTS 
AT  s 41.9  - (0.22  ± 02'X 
r = 0.78 


1 


20  40  60  80  :00 

SOIL  MOIF”'.iRE  IN  0-2cm  LA^ER 
EXPRESSED  h'S  A % OF  FIELD  CAP.ACITY 


Figure  6.  The  Combined  Data  or  the  1974  and  1975  Flights  Over  Phuem\. 


When  our  1975  aircraft  results  are  compared  with  the  total  Tieasureinent  set  of 
Reginato,  er  ai.  (1976)  the  agreement  ts  very  good.  In  Figure  I we  have  plotted  our 
data  on  Figure  2a  of  their  pape*.  To  compare  tne  soil  moisture  values  between  the  two 
experiments  a value  of  0.176  was  taken  as  field  capacity  of  the  Avondale  loam  soil 
(Jackson,  pnvate  communication).  Our  data  from  Figure  S are  plotted  on  their  graph 
using  the  value  0.176  as  IfHX^'  of  field  capacity.  It  is  evident  that  the  values  of  AT 
measured  iVom  aircraft  data  Lave  the  same  variation  with  soil  moisture  as  their  cutr.oined 
data  set  acquired  by  several  uifferent  means. 

The  aircraft  observations  of  canopy  temperature  for  several  vegetated  fields  at'  pre- 
sented in  Table  1.  The  2:00  p.m.  temperature  at  the  Phoenix  airport  was  21.7'^C.  The 
airport  is  located  approximately  20  km  east  of  the  southern  end  of  the  flight  line.  The 
canopy  temperatures  were  approximately  within  a degree  or  so  of  ait  temperature.  This 
would  appear  to  indicate  a slight  amount  of  moisture  stress,  vhich  probably  isn't  the 
case  since  the  0-15  cm  average  soil  moisture  is  above  50%  of  field  c.  oacity  in  e:ich  case. 
However,  the  two  wheat  fields  with  the  highest  temperature  had  the  shortest  plants,  im- 
plying that  some  of  the  bare  ..cund  may  be  contributing  to  the  observed  emission 


805 


Soil  MotMurc  ScnMfi^  uith  Aircraft  ObscrvationN  of  the  Diurnal  Ranite 


DAILY  MAXIMUM  - MINIMUM 
SURFACE  SOIL  TEMPERATURE  (®C) 


Figu.'.  7.  Plot  of  AT  Data  trom  this  Paper  Combined  \iith  that  from  Rceinato.  et  cl.. 
(1976)  Versus  Soil  Moisture  in  ihc  0-2  cm  Layer.  (The  xvmbols  represent  the  different 
types  of  temperature  measu'cmenf  •.  ^surface  thermocouple.  hand  held  PRT-^. 
Asiircraft  data  over  their  test  plot,  and  \ data  trom  this  paper.) 


FABLE  1.  Surface  Temperature  for  Cropped  Fields. 


rwid 

No. 

Temp. 

«C 

Crop  Cover 
Type  and  height 

0-15  cm 
Soil  Moi'Tir* 

" of  FC 

97 

23.1 

alfalfa.  50  cm 

22.0 

70.5 

106 

24.1 

wheat.  20  to  30  cm 

29.0 

94,5 

111 

21.3 

wheat.  60  to  70  cm 

27  3 

87.5 

U2 

22.7 

wheat.  20  to  30  >.m 

2S.« 

96.0 

113 

2i.i 

wheal.  30  to  40  cm 

27.5 

85.0 

114 

22.6 

wheat.  30  to  40  cm 

22.6 

69  5 

(IS 

24,1 

wheal,  15  to  25  cm 

24., < 

89  0 
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DISCUSSION 

These  results  have  demonstrated  the  feasibility  of  using  aircraft  observations  of  the 
diurnal  range  of  surface  temperature  for  soil  moisture  sensing  over  a wide:  range  of  field 
conditions  than  those  presented  in  the  paper  of  Reginato.era/..  (1976).  The  comparison 
of  remotely  sensed  canopy  temperature  with  air  temperatures  as  reported  by  the  local 
weather  station  is  a means  of  qualitatively  assessing  the  state  of  moisture  stress  in  the 
plant.  This  approach  may  be  applied  to  determine  the  status  of  pasture  grasses.  Thus  the 
condition  of  rangeland,  which  is  distributed  throughout  the  agricultural  areas  of  the 
world,  may  be  used  as  an  index  of  the  local  soil  moisture  conditions.  Indices  of  this 
luture  would  enhance  opportunities  for  estimating  crop  yields  and  for  improving  current 
flood  prediction  technology. 

There  are  many  limitations  on  the  applicability  of  this  technique.  e.g..  clouds,  atmos- 
pheric water  vapor,  and  variations  in  surface  slope,  but  there  is  the  potential  that  frequent 
high  resolution  coverage  would  yield  much  useful  data.  This  potentij'.  will  be  studied  from 
spacecraft  altitudes  when  NASA  launches  the  Heat  Capacity  Mapping  Mission  satellite  in 
the  spring  of  1978.  The  purpose  of  the  mission  is  to  measure  the  diurnal  range  of  surface 
temperatures  over  large  areas  with  an  infrared  radiometer  operating  in  the  lO-l  2 band 
and  having  a spatial  resolution  of  500  meters.  These  diurnal  measurements  will  be  re- 
peated every  eight  days  for  most  areas;  daytime  only  coverage  will  be  repeated  every 
three  days.  Thus  this  sensor  should  acquire  sufficient  data  to  adequately  test  the  appli- 
cability of  th  j technique  ovei  wide  areas. 
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SELECTING  RFv  )NNA1SSANCE  STRATEGIES 
FOR  FLOODPLAIN  SURVEYS' 

Scott  C.  Soilen.  Albert  Rango.  and  Donald  L Henninger^ 


ABSTRACT ; MultLipectwl  aircraft  and  'iaielUte  data  ttvcr  the  Wett  Branch  of  the  Susquehanna 
River  were  analyzed  to  evaluate  potential  contributions  of  remote  sensing  to  floonplain  surveys. 
.Multispectral  digital  classifications  of  land  covet  features  indicative  of  iloodpain  areas  were 
used  by  interpreters  to  locate  various  flnodprone  area  boundaries.  The  boundaries  thus  ob- 
tained were  found  to  be  mute  si'''liine  and  continuous  in  the  Landsai  data  than  in  ilie  low  alti- 
tude aircraft  data.  The  digital  approach  permuted  satellite  results  to  be  displayed  at  1.24,000 
scale  and  aircraft  results  at  even  larger  scales.  Results  indicate  that  remote  sensing  techniques 
can  delineate  tloodprone  areas  more  easily  in  agricultural  and  limited  development  areas  than  in 
areas  covered  by  ,i  heavy  forest  canopy.  At  this  time  it  appears  that  the  remote  sensing  data 
would  be  best  used  as  a form  ot'  preliminary  planning  information  or  as  an  mtemal  check  on 
previous  or  ongoing  floodplain  studies.  In  .iddition,  the  remote  sensing  techniques  can  assist 
in  effectively  monitonng  floodplain  activities  after  a community  enters  <nto  the  Natioiu!  Flood 
Insutance  Program. 

(KEY  TERMS  remote  sensing:  lloodplain  surveys:  multispectral  digital  classification:  plan- 
ning information.) 


INTRODUCTION 

The  concept  of  using  the  capabilities  of  remote  sensing  to  assist  in  the  management  of 
floodplains  has  an  understandable  appeal  because  of  the  inherent  complexiry  of  conven- 
tional survey  methods  and  the  need  to  monitor  conditions  over  extensive  floodplain  areas. 
Before  1972.  aircraft  remote  sensor  capabilities  had  been  considered  and  generated  some 
interest  in  the  floodplain  management  community.  This  interest  in  remote  sensing  was 
further  spurred  in  1972  when  the  Earth  Resources  Technology  Satellite,  now  referred  to 
as  Landsat.  was  launched.  This  satellite  provided  the  previously  unavailable  capabilities 
of  constant  altitude  and  stability  and  reduced  sun  angle  variability,  while  recording  mul- 
tispectral variations  on  a repetitive  basis. 

Coupled  with  this  idea  of  somehow  delineating  a narrow  floodplain  boundary  from 
afar  (from  a few  kilometers  altitude  with  aircraft  to  over  ‘^CO  kilometers  with  Landsat i 

'Paper  No  77084  of  the  Water  Re^otirces  Bulknn.  Discussion^  are  open  until  December  I . i9'S. 

•Respectively,  formerly  with  the  U.S.  .Army  Corps  oi  Engineers.  San  Francisco  District,  Sun  Fran- 
cisco, Califomia  94105.  presently  with  Homblower.  Weeks.  Noyes  A Trask  Inc., Public  Finance  Divi- 
rir-'  San  Francisco.  CalU'omia  9<"  11 . Code  913.  Goddard  Space  Flight  Center. Greenbelt,  .Maryland 
2 1 , and  formerly  with  the  • t for  Remote  Sensing  of  Earth  Resources,  Pennsylvania  State  Uni- 

versity. L niversity  Park.  Pennsylvania  16802.  presently  with  Lockheed  Electronics  Company.  Houston 
Texas  77058. 
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wu  the  existing  knowledge  that  historical,  geomorphological,  and  botanical  indicators 
associated  with  the  boundary  between  floodprone  and  nonfloodprone  areas  could  con- 
ceivably be  recognized  using  remote  sensing  techniques.  Further  justification  for  investi- 
gating this  potential  grew  out  of  the  aftermath  of  the  1972  Hurricane  Agnes  floods  in  the 
eastern  United  States  where  several  billions  of  dollars  in  damage  occurred  in  floodplain 
areas.  Emphasis  on  improving  the  National  Flood  Insurance  Program  resulted,  and  the 
Flood  Disaster  Prvention  Act  of  1973  was  instrumental  in  making  an  increased  number  of 
communities  eligible  for  flood  insurance  protection.  With  this  increased  participation  the 
need  for  and  backlog  of  floodplain  surveys  rose  dramatically. 

In  1968,  when  the  flood  insurance  program  was  started,  the  U.S.  Army  Corps  of  En- 
gineers (USAGE)  estimated  that  S.OOO  communities  were  identified  as  floodprone.  By 
May  1973  the  Federal  Insurance  Administration  (FIA)  had  increased  that  estimate  to 
10,000  communities,  13,600  by  December  1973,  and  16  JOO  by  June  1974.  A year  later 
in  June  of  1975  the  total  identified  floodprone  communities  had  risen  to  21,411  with 
little  potential  for  further  increase  (Comptroller  Getteral  of  the  United  States.  1976).  The 
result  of  this  rapid  increase  in  communities  requiting  surveys  has  been  a staggering  in- 
crease in  associated  costs.  In  fiscal  year  1977  FIA  will  spend  close  to  S75  million  on  the 
mapping  prograrr  with  $45  million  apportioned  for  private  contractors  and  $30  million 
for  cooperating  Federal  agencies.  The  USAGE  will  receive  S 1 5 million  from  FlA  and  will 
spend  about  $3  million  additional  for  the^r  own  studies  (G.  Phippen.  personal  communi- 
cation, 1976).  It  IS  expected  that  the  entire  mapping  program,  when  completed,  will  ex- 
ceed $1  billion.  The  costs  for  a flood  insurance  study  currently  average  from  $750  to 
$3,000  per  stream  kilometer  (Comptroller  General  of  the  United  States,  1976)  depending 
on  length  of  stream,  sources  of  available  data,  basin  configuration,  and  scheduling  of 
.asks.  Table  1 presents  the  avera^ ; USAGE  costs  per  task  involved  in  preparing  a flood 
hazard  map.  The  main  objective  of  utilizing  remote  sensing  in  the  mapping  of  flood- 
plains  would  be  either  to  reduce  overall  costs  by  assisting  in  the  preparations  of  conven- 
tional products  or  to  provide  superior  products  at  increased  efficiency  at  similar  costs. 


TABLE  1.  Averap  Cosu  Associated  with  Specific  Tasks  in  Mapping  Rood  Hazard  Areas.* 


T»k 

Cast 

Reconnaissance  of  Site 

$300fkm 

Aerial  Surreys 

$500/km 

Hydrology 

$190fltm 

Hydraulics 

$250/km 

Profile  Concurrence 

$ 1,000/study 

Land  Surveys 

S200-225/cross  section 

Coordination 

$1,3 00/study 

Travel 

$2,000/study 

Map  Preparation 

$3. 000/study 

Report 

S2,300/;tudy 

Total  cost  to  sun'cy  and  prepare  report  for  32  km  reach  is  S72.000  or  S2,250/km. 
This  assumes  16  km  of  detailed  surrey  work  with  six  cross  sections  per  km. 

'Based  on  averap  costs  to  complete  each  task  as  calculated  for  p,-evious  studies 
by  USAGE.  January  19"’6. 
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The  purpose  of  this  paper  is  to  evaluate  the  current  capabilities  of  remote  sensing  for 
floodplain  management  and  tn  report  on  a specific  case  study  regarding  the  feasibility  of 
utilizing  remotely  sensed  multispectral  data  to  delineate  floodplains.  Because  the  80  m 
resolution  of  Landsat  is  not  entirely  optimum  for  floodplain  applications,  higher  resolu- 
tion aircraft  data  were  investigated  in  parallel  as  a cooperative  effort  by  the  USAGE,  the 
National  Aeronautics  and  Space  Administration  (NASA),  and  the  Pennsylvania  State 
University. 


RELATED  RESEARCH 


InSitu  Programs 

Historical  techniques  involve  observations  of  high  water  marks  and  flood  damage  rela- 
ted to  specific  floods.  Several  investigators  have  mapped  flood  lines  based  on  trash  accu- 
mulation. scarred  trees,  anu  sediment  deposition  (Leopold  and  Skibitzke.  1967;  Sigafoos, 
1964;  and  Lee.  Parker,  ana  Yanggen.  1972).  Several  limitations  compromise  the  effec- 
tiveness of  this  technique.  First,  the  flood  which  produced  the  evidence  may  have  obli- 
terated similar  indications  of  earlier  and  less  severe  floods;  and  second,  rare  floods  and 
their  high-water  marks  may  not  have  been  observed  on  the  stieam  which  one  desires  to 
map. 

Several  investigators  have  relied  on  geomoiphological  features  to  indicate  the  location 
and  frequency  of  flooding  (Burgess.  196'^;  Reckendorf.  1963;  and  Wolman.  1971).  The 
predominant  feature  used  is  the  terrace  but  alluvial  fan.s.  natural  levees,  bars,  oxbows, 
abandoned  channels,  marshes,  deltas,  and  swales  are  also  of  significant  value.  These  in- 
dicators. however,  are  of  little  more  than  local  value  and  may  not  even  be  present  from 
one  watershed  to  the  next. 

Field  investigators  (Panons  and  Herriman.  1970;  McClelland,  1950;  Coleman,  1963; 
and  Woodyer,  1966)  have  shown  that  soils  are  configured  horizontally  and  vertically  to 
reflect  flooding  patterns.  These  patterns  have  been  mapped  by  agencies  such  as  the  Soil 
Conservation  Service  (SCS)  and  have  been  used  to  delineate  boundaries  by  Yanggen. 
Beatty,  and  Brovold  (1966),  McCormack  (1971),  Cain  and  Beatty  (1968),  and  Viaene 
(1969).  The  difficulty  in  employing  this  approach  is  simply  that  many  areas  have  not 
been  mapped  and  that  onginal  field  work  is  expensive  and  time<onsuming. 

Finally,  vegetation  has  been  shown  to  exhibit  patterns  related  to  flood  conditions 
(Everitt,  1968;  Wistendall.  1958;  Helfley.  1937,  Sellers.  1 974;  and  Sigafoos.  1961.  1964). 
Various  species  possess  tolerance  to  standing  water  or  poorly-drained  soils  and  are  typi- 
cally associated  with  tiie  floodplain.  Others  require  well-drained  soils  and  are  usually 
found  in  terrace  locations.  Broad  size-groupings  also  are  related  to  distance  from  the 
floodplain.  The  problem  associated  with  using  vegetation  indicators  is  that,  beyond  fair- 
ly general  relationships,  distinct  boundary  delineation  is  difficult  due  to  the  capacity  of 
vegetation  species  to  tolerate  and  often  flourish  under  less  than  optimum  conditions. 
The  result  is  a heterogeneous  rruxiure  that  becomes  difficult  to  interpret  at  close  inspec- 
tion. fhe  best  perspective  for  this  approach  is  a distant  one. 

Floodplain  Delineation  Using  Remote  Sensing 

Remotely  sensed  information  from  aircraft  and  satellites  has  been  used  to  perform 
floodplain  mapping  by  two  complementary  methods.  The  dynamic  method  images  floods 
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as  they  actually  occur  or  soon  after  the  high  waters  have  receded.  It  takes  advantage  of 
the  fact  that  visible  evidence  of  inundation  in  the  near  infrared  region  of  the  spectrum 
remains  for  up  to  two  or  more  weeks  after  the  flood.  This  evidence  includes  significantly 
reduced  near  infrared  reflectivity  in  the  flooded  areas  caused  by  the  presence  of  increased 
surface-layer  soil  moisture,  moisture  stressed  vegetation,  and  isolated  pockets  of  stand- 
ing water.  Satellite  data  from  Landsat  1 and  2 provide  the  most  peitinent  spacecraft  ii  ■ 
formation  for  flood  observations  because  of  the  relatively  high  resolution,  cartographic 
fidelity,  and  the  near  infrared  sensors  onboard.  Flood  mapping  from  Landsat  photo- 
graphic data  has  been  reported  by  Hallberg.  Hover,  and  Rango  (1973).  Deuisch  and 
Ruggles  (1974).  and  Rango  and  Salomonson  (1974).  Williamson  ( 1974)  has  employed 
digital  Landsat  data  for  similar  flood  mapping.  The  compilation  of  a flood  map  from  an 
actual  event  constitutes  a fioodprone  map  for  that  section  of  stream  for  a particular 
flood  frequency.  This  dynamic  map  can  be  continually  improved  as  additional  floods  are 
observed  on  the  stream  in  question. 

The  second  method,  referred  to  as  the  static  approach,  utilizes  the  fact  that  many 
floodplains  have  been  recognized  with  remote  sensing  because  of  permanent  or  long-term 
features  formed  by  historical  fioods.  Tliese  natural  and  artificial  indicators  have  been 
enumerated  by  Burgess  (1967).  Fioodprone  ateas  also  tend  to  have  multispectral  signa- 
tures that  are  distinctly  different  that  th.ose  of  surrounding  nontloodprone  areas.  Marker 
(1974)  performed  a multispectral  analysis  of  digitized  aircraft  photography  in  Texas  that 
indicated  a reasonable  correlatio"  between  fioodprone  area  boundaries  based  on  com- 
puter processed  multispectral  digital  data  and  those  produced  b\  conventional  techniques. 
A combination  of  high  altitude  aircraft  and  satellite  data  were  used  to  produce  fiood- 
prone  area  maps  to  meet  Arizona  state  legislature  requirements  set  forth  in  House  Bill 
2010  (Clark  and  Altenstadter.  1974).  Rango  and  Anderson  (1974)  used  Landsat  exclu- 
sively to  provide  small-scale  fioodprone  area  maps  in  the  Mississippi  River  Basin  that 
compared  favorably  with  existing  surveys. 

Flood  and  fioodprone  area  observations  from  Landsat  are  indeed  promising,  but  only 
on  a regional  basis.  Most  satellite  p otographic  flood  and  fioodplain  mapping  has  been 
done  at  scales  no  larger  than  1 .2S0,(X)0.  Digital  Landsat  maps  of  floods  and  floodplains 
have  been  produced  at  1 '.24,000  and  1 .6'',500  scales,  but  they  do  not  meet  national  map 
accuracy  standards.  For  most  legal  requirements,  it  is  necessary  to  produce  maps  at  even 
larger  scales. 
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Test  Sites 

Capitalizing  on  previous  work,  the  US  ACE  elected  to  pursue  the  potential  of  mapping 
floodplains  based  on  natural  indicators.  The  study  area  was  a portion  of  the  West  Branch 
of  the  Susquehanna  River  in  north  central  Pennsylvania  as  shown  in  Figure  1 The  test 
site  was  selected  because  it  erdubited  a variety  of  land  covet  types  including  residential, 
light  mdustry.  agriculture,  and  forest.  Physiography  is  charactenzed  by  both  steep  and 
genily  sloping  valleys  • .id  fioodpiains  of  varying  widths.  The  section  of  the  West  Branch 
of  the  Susquehanna  River  from  point  .4  to  point  B (Figure  1 ) is  in  the  Ridge  and  Valley 
Province . where  the  valley  is  broad  with  a moderately  wide  fioodplain  predommantly  used 
for  agriculture,  and  will  subsequently  be  referred  to  as  the  “agricultural  and  developed” 
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area.  The  section  of  the  river  from  point  B to  point  C (Figure  I)  is  in  the  Alleglieny 
Plateau  Province,  where  the  large  forested  valley  is  steep  with  a narrow  floodplain.  This 
portion  of  the  area  will  subsequently  be  referred  to  as  the  “forested"  area. 

The  study  area  has  a humid  continental  climate  (U.S.  Department  of  Agriculture, 
1966)  with  warm  summers  and  long  cold  winters.  The  average  annual  temperature  is 
lO.T^C.  with  January  and  July  mean  temperatures  of  -I4°C  and  23.1°C.  respectively. 
The  average  annual  precipitation  is  about  102  cm.  which  includes  an  average  total  sea* 
sonal  snowfall  depth  of  94  cm. 

Data  Sources 

Ground  Data  - The  Flood  Plain  Information  report  (U.S.  Army  Corps  of  Engineers, 
1973)  prepared  for  the  West  Branch  of  the  Susquehanna  River  was  used  to  obtain  the 
floodplain  limits,  established  on  the  basis  of  engineering  parameters,  for  comparison  with 
those  limits  established  using  remotely  sensed  data.  .Maps  of  the  West  Branch  of  the 
Susquehanna  River  at  1:24.000  scale,  showing  the  extent  of  the  100-year  return  period 
Rood  as  well  as  the  extent  of  flood  waters  during  Hurricane  Agnes  in  1972.  were  provided 
by  the  USAGE. 

Among  other  sources  of  information  available  for  the  study  area  were  the  USGS  7.5- 
minute  quadrangle  topographic  sheets.  The  Soil  Survey  of  Clinton  County.  Pennsylvania 
(U.S.  Department  of  Agriculture.  1966).  as  well  as  the  SCS  workslieets  for  the  Lycoming 
County  Soil  Survey  (m  progress)  provided  soils  information.  Various  geologic  maps  and 
reports  were  also  consulted  (Siose  and  Ljungstedt.  I9J2;  Flint.  1947;  MacCIintock  and 
Apfel.  1944;  and  Peltier,  1949). 

An  e.xtensive  field  analysis  of  the  entire  test  region  was  conducted  in  July  1973.  River 
banks  and  terraces  were  inspected  to  determine  vegetation  species  type  and  composition, 
bare  soil  texture,  and  drainage  of  the  floodplain  to  facilitate  the  calculation  of  spectral 
signatures. 

Aircraft  Data  - The  NCI.^OB  aircraft  of  NASA  flew  the  test  area  at  altitudes  of  ap- 
proximately 1525  meters  (5000  feet)  and  4575  meters  (15.000  feet)  in  April  and  June 
1973.  Color  positive  and  color  infrared  photography  was  taken,  along  with  data  from 
14  channels  of  the  Bendix  24-channel  multispectral  scanner. 

A multispectral  scanner  (MSS)  is  an  optical-mechanical  scanning  device  used  to  detect 
levels  of  electromagnetic  energy  emanating  from  the  earth’s  surface  in  many  discrete 
wavelength  intervals  (channels).  Through  the  use  of  a rotating  mirror,  the  area  beneath 
the  aircraft  is  scanned  m successive  contiguous  lines  in  a direction  perpendicular  to  the 
flight  of  the  aircraft.  The  energy  received  from  the  earth’s  surface  is  reflected  by  the 
mirror  through  a series  or  lenses  and  prisms  which  refract  the  energy  into  components  of 
selected  wavelengths  onto  an  array  of  detectors.  Each  detector  then  produces  an  electri- 
cal output  signal  proportional  to  the  energy  received.  These  signals  can  then  be  used  to 
modulate  a light  source  to  e.xpose  photographic  film,  or  they  con  be  recorded  on  magnetic 
tapes  for  later  analysis. 

.At  the  1525  meter  altitude,  the  size  of  a ground  resolution  element  (or  pixel)  of  the 
24-channei  MSb  is  approximately  3 meters  on  a side,  depending  on  minor  aircraft  alti- 
tude and  velocity  vjuations  At  the  4575  meter  altitude,  the  size  of  a ground  resolution 
element  or  pi.xe!  is  approximately  9 meters  on  j side.  NASA  provided  the  computer 
compatible  tapes,  containing  the  uncal  orated  digitized  MSS  data,  as  well  as  imagery  of 
selected  channels. 
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I'lguie  I (Vnlral  Pennaylvaniu  Study  Site  Along  the  Weal  Branch  of  the  Susquehanna  River. 
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Sitellite  Pita  - Most  observations  by  Landsat  have  been  taken  with  the  MSS  in  the 
visible  and  near  infrared  wavelengths.  The  four  MSS  channels  (discrete  wavelength  inter- 
vals) cover  the  0.5-0.6.  0.6-0.7,  0.7-0.8,  and  0.8-1. 1 iim  portions  of  the  electromag- 
netic spectrum.  The  resolution  of  rhe  Landsat  MSS  is  approximately  80  m,  although 
smaller  features  may  sometimes  be  detected  because  of  favorable  geometric  and  contrast 
characteristics  of  a given  object  on  the  earth’s  surface. 

In  the  'gricultural  and  developed  portion  of  the  study  area  (from  point  A to  point  B, 
Figure  I),  data  from  the  16  May  and  2S  October  1973  scenes  (identification  numbers 
1397-15245  and  1459-15221.  respectively)  were  selected  for  analysis.  These  scenes  were 
selected  to  obtain  the  maximum  area  of  exposed  bare  soil.  Data  from  the  6 September 
1972  scene  (identification  number  1045-15240)  were  selected  for  analysis  of  the  forested 
portion  of  the  study  area  (from  point  B to  point  C.  Figure  1).  This  scene  was  selected 
for  ma.ximum  expression  of  tree  fotlage.  All  Landsat  MSS  data  were  supplied  by  NASA  in 
the  form  of  computer  compatible  tapes  as  well  as  imagery  of  selected  channels. 

.ipproach 

The  Penn  State  Office  of  Remote  Sensing  of  Earth  Resources  (ORSER)  system  for 
analyzing  multispectral  scanner  data  is  based  on  multivariate  statistical  techniques. 
Each  observation,  identifiable  by  scan  line  and  element  number,  consists  of  a vector  com- 
posed of  multispectral  scanner  response  values  with  as  many  components  as  there  are 
channels.  The  programs  used  in  this  study  are  ail  operational  and  are  documented  at  the 
user  level  (Borden. ere/..  1975). 

The  first  step  is  to  select  the  particular  targets  and  areas  of  interest  and  the  computer 
tapes  corresponding  to  these  areas.  A subset  data  is  then  produced  for  the  specific  area 
of  interest.  The  following  step  is  to  produce  a brightness  map  employing  all  available 
channels  which  can  be  used  for  verifying  general  location  and  identifying  specific  targets. 
No  previous  knowledge  of  target  spectral  signatures  is  required  for  the  brightness  map. 

Subsequently,  a program  is  employed  to  idenufy  areas  of  local  spectral  uniformity 
based  on  variation  between  spectral  signatures  of  near  neighbors  as  “the  measure  of 
similarity.”  The  output  shows  the  pattern  of  uniformity  and  contrasts  from  which  the 
user  can  designate  coordinates  of  training  areas  to  be  used  for  developing  multispectral 
signatures  for  use  in  supervised  classifying  routines.  Multivariate  statistics  of  the  signa- 
tures are  then  calculated  fot  the  training  areas.  Using  these  statistics,  supervised  classifi- 
cation and  mapping  can  be  done  for  the  entire  study  area.  The  output  is  a digital  char- 
acter map  with  each  category  of  classification  represented  by  a unique  symbol  assigned 
by  the  user.  Unsupemsed  classification  or  clustenng  options  may  have  to  be  employed  in 
combitution  with  supervised  classification  to  effectively  classify  small  area  or  linear 
features,  such  as  streams. 

The  ORSER  system  has  the  capability  to  perform  a geometnc  correction  on  a charac- 
ter map  to  rectify  simple  distortions  resulting  from  sensor,  satellite,  rid  earth  effects. 
These  corrected  classification  maps  can  be  overlaid  on  other  maps  of  the  same  scale,  such 
as  1:24,000  scale  topographic  maps.  This  scaling  feature  facilitates  the  companson  of 
MSS  (aircraft  or  Landsat)  classification  results  with  available  ground  truth. 

Once  classification  of  land  cover  has  been  accomplished,  a number  of  interpreters 
attempted  to  use  the  cl.’>-Mfied  resuits  to  determine  which  classes  were  indicative  of  flood- 
prone  ?reas.  in  tlic  .ici .cultural  and  developed  region,  bare  floodplain  soils  were  used  as 
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the  key  feature  for  drawing  the  floodprone  area  boundary  line,  in  the  forested  area, 
diffetent  vegetation  classiHcations  were  related  to  the  floodprone  areas.  Attempts  to 
draw  in  the  floodprone  area  boundaries  were  made  using  classiHed  data  only  and  then 
with  the  addition  of  ancillary  data  such  as  topographic  maps. 

Results 

Roodplain  Classification  Using  Digital  Aircraft  Data  - Several  sites  were  selected  to 
test  the  applicability  of  digital  aircraft  data  to  floodplain  mapping.  Tlie  two  major  cate- 
gories of  interest  were  agricultural  areas,  especially  those  with  bate  soils,  and  forested 
areas.  Initial  Individual  test  site  selection  was  based  on  various  physical  characteristics  of 
the  areas,  such  as  vegetation,  topography,  and  (in  the  case  of  forested  test  sites)  freedom 
from  alterations  due  to  the  activities  of  man  (such  as  housing  developments)  within  the 
recent  past. 

The  results  from  computer  analysis  of  the  digital  MSS  data  in  agricultural  areas  dis- 
tinguished between  floodplain  and  nonfloodplain  art.  s in  small  isolated  portions  of  the 
test  sites.  In  addition,  the  computer  classification  within  one  test  site  separated  an  area 
of  moderately  well-drained  soil  from  the  surrounding  well-drained  soils.  Comparison  with 
SCS  data  for  this  area  indicated  the  moderately  well-drained  soil  to  be  less  extensive  than 
shown  on  the  computer  output,  but  field  inspection  supported  the  results  of  the  digital 
classification.  In  general,  the  results  from  computer  analysis  of  the  digital  MSS  data  m 
agricultural  areas  were  not  sufficiently  conclusive  to  delineate  a continuous  fioodplain 
line.  The  presence  of  extensive  bare  soils  in  the  agricultural  and  developed  area  tiude  the 
April  data  more  useful  than  June  data  tn  detecting  soil  differences. 

Results  using  the  MSS  data  from  the  1925  meter  June  flight  indicate  that  classification 
differences  in  the  forested  area  can  be  related  not  only  to  species  differences,  but  also  to 
differences  in  crown  closure  or  canopy  density  within  a forested  area.  These  density  dii- 
ferences  may  be  a result  of  species  composition,  site  quality,  or  a cultural  practice.  Local 
topography  and  the  aspect  of  the  test  sites  also  contributed  to  classification  differences 
unrelated  to  the  natural  vegetation.  A comparison  of  the  classification  results  of  each  of 
the  available  data  sources  (i.e.,  the  April  and  June  flights  at  both  IS2S  and  4575  meter 
altitude)  showed  the  MSS  data  collected  during  June  to  be  more  effective  than  the  April 
data  owing  to  greater  vegetative  cover  existing  in  June.  Classification  differences  obtained 
using  the  April  data  were  additionally  ambiguous  because  of  extensive  shadow  patterns 
which  were  prevalent  over  much  of  the  study  area  at  the  time  of  this  particular  flight. 
The  June  MSS  data  at  an  altitude  of  1 525  meters  were  the  only  data  which,  when  used 
for  classification,  were  useful  in  delineating  an  area  related  to  the  floodplain. 

Floodplain  Classification  Using  Digital  Landsat  Data  - Preliminary  analysis  of  the 
16  May  and  25  October  1973  Landsat  scenes  indicated  both  to  be  potentially  good  data 
sets  for  the  purposes  of  differentiating  floodplain  bare  soils  from  nonfloodplain  bare 
soils.  Previous  experience  has  shown  that  by  merging  tapes  from  two  different  seasons  it 
is  often  possible  to  improve  the  classification  of  certain  targets,  such  as  hardwoods  and 
conifers  (using  data  merged  from  summer  and  early  winter  scenes).  Therefore,  the  two 
scenes  were  merged  and  treated  as  an  3<hannel  data  set  on  this  basis.  Merged  tapes  can 
be  used  in  any  of  the  ORSER  programs,  using  the  same  analytical  procedures  employed 
for  a 4-channel  subset  tape. 
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The  results  of  computer  analysis  of  eight  channels  of  Landsat  MSS  data  merged  from 
two  scenes  were  sufficiently  conclusive  to  delineate  a continuous  floodplain  boundary  in 
the  agricultural  and  developed  area,  which  was  then  quantitatively  compared  to  the 
USACE  100-year  return  period  floodpiain  boundary.  The  basis  for  the  distinction  be- 
tween the  boundaries  of  the  floodplain  and  nonfloodplain  areas  was  spectral  differences 
in  the  bare  soils  of  the  two  areas,  which  could  be  differentiated  using  the  available  com- 
putet routines. 

Four  individuals  independently  interpreted  the  resulting  classification  map.  Each 
interpreter  first  delineated  a floodplain  solely  on  the  basis  of  the  classification  map  and 
then  was  allowed  to  consult  the  corresponding  USCS  7.5-minute  quadrangle  topographic 
maps  to  refine  the  interpretation.  Each  interpreter’s  floodplain  delineation  was  compared 
to  the  USACE  100-year  return  period  floodplain  boundary  in  two  ways:  (l)on  the  basis 
of  total  area  measured  to  pe  floodpronc.  and  (2)  by  calculations  of  the  correlation  coeffi- 
cient between  the  pairs  of  measured  distances  from  the  center  line  of  the  river  to  the  two 
floodplain  lines  on  both  sides  of  the  river.  For  this  second  comparison  a total  of  100 
pairs  of  measurements  were  made. 

Results  of  the  two  methods  of  comparison  for  each  of  the  four  interpreters  are  shosvn 
m Table  2.  The  arec  of  the  USACE  i 00-year  return  period  floodplain  plus  river  is  4200 
ha  (I0J71  acres).  Using  only  the  computer  classif-ation  map.  the  results  range  from  a 
13.77r  (574  hj)  underestimation  of  the  USACE  floodplain  to  a 4.4''r  (184  ha)  overestima- 
tion.  Additional  comparisons  made  using  information  on  the  USCS  7.5-minute  quad- 
rangle sheets  improved  the  underestimation  percentages  to  7,77  (324  ha);  however,  the 
overestimalion  was  increased  to  8.87  (3('0  ha). 


TABLE  2.  riocJplain  Boundary  rompari«on<  for  ihe  Agricultural  and 
Developed  Pottior>  of  the  Study  Area. 


InMtpntei 

Ai«a  Comparisons  (percent)' 

Conelatton  Coefficients' 

Without  Aid  of 
Topo^aphic  .Maps 

With  Aid  of 
Topoggaphic  Maps 

Without  Aid  of 
Topographic  Maps 

With  Aid  of 
Topographic  Maps 

1 

-8.6 

0.4 

0.85 

0.92 

2 

♦4.4 

♦8.8 

0.86 

0.92 

3 

-2.2 

-0.8 

0.86 

0.90 

4 

-13.7 

-7.7 

0.83 

087 

‘The  total  area  of  the  floodplain  and  river  within  the  lOO-year  return  period  floodplain  determined 
by  the  U.S.  Army  Corps  of  Engineers  wa.s  4200  hectares  (10,371  acres).  A positive  value  here  ind’- 
cates  an  overestimation  and  negative  value  an  underestimation. 

^Based  on  100  observations  with  all  correlation  coeiTicients  highly  dgniflcunr. 


Correlation  coefficients  representing  the  'Veamess  of  fit”  of  the  computer  classifica- 
tion map  and  the  USACE  1 00-year  floodplain  aided  by  information  gleaned  from  USCS 
maps  were  calculated  for  each  interpreter.  These  coefficients  ranged  from  0.87  to  0.92 
(Table  2).  indicating  a rather  close  association  of  the  two  floodplain  de'ineations,  A 
scaitergram  illustrating  the  relationship  between  the  two  floodpiain  delineations,  using 
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oiM  interpreter's  results,  is  shown  in  Figure  2.  In  this  cise,  thr  horizontal  differences 
between  the  two  floodplain  delineations  ranged  from  0 to  74  meters  with  a mean- 
difference  of  13  meters. 


DISTANCE  FROM  CENTER  OF  RIVER  TO 
USACE  FLOODPLAIN  BOUNDARY  (x  10>  meters! 


Fifure  2.  Scsttergnm  Compering  the  USAGE  end  Landut  Floodplein  Bounderict 
for  the  Agricultwel  end  Developed  Aice  (Interpreter  1). 


A substantial  lack  of  correlation  between  the  USACE  floodplain  limit  and  the  flood- 
plain  delineation  based  on  the  computer  classification  m*p  existed  in  two  situations. 
In  the  flrst  case.  ..Tiall  isolated  areas  in  the  floodplain  having  vegetated  or  developed  land 
cover  were  not  recognized  as  floodplain  in  the  computer  classification.  This  was  not 
totally  unexpected  since  the  classification  map  was  developed  primarily  on  the  basis  of 
differentiating  floodplain  from  nonfloodplain  bare  soils.  Interpretative  skills  played  an 
important  role  in  overconung  the  lack  of  information  in  these  relauveiy  small  areas. 
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The  second  situation  in  which  a discrepancy  appeared  between  the  two  lines  occurred 
where  the  computer  classification  identified  “floodplain"  areas  based  on  the  presence  of 
bare  soils  while  the  USAGE  considered  them  outside  of  the  floodplain.  The  elevation  of 
these  areas  is  only  slightly  higher  than  the  adjacent  floodplain  area  and  could  be  remnants 
of  old  river  terraces.  Field  inspection  revealed  a strong  possibility  that  inum  auon  by 
flooding  waters  could  occur  since  the  meander  of  the  river  channel  would  al.ow  flood 
waters  to  flow  in  the  direction  of  the  areas  in  question.  Based  on  the  results  of  this 
field  inspection,  the  three  cross-sectional  observations  in  this  arei  were  noi  included  in 
the  calculation  of  tlie  range  and  mean  but  were  included  in  the  calculation  of  the  corre- 
lation coefficients. 

As  opposed  to  the  8-channe!  data  set  used  in  the  agricultural  and  developed  area  analy- 
sis. the  delineation  of  the  floodprone  area  in  the  forested  region  of  the  study  area  was 
based  on  classification  results  from  a set  of  spectral  signatures  developed  from  only  three 
channels  of  Landsat-1  data  on  a single  date  using  the  unsupervised  classification  approach. 
The  resultant  nine  signatures  categorized  as  floodprone  do  nut  correlate  with  individual 
floodplain  features,  such  as  floodplain  bare  soil  or  floodplain  vegetation,  but  represent 
a vanety  of  physical  features  associated  with  the  floodplain  in  this  area. 

The  separation  of  open  and  developed  areas  from  forested  areas  accounts  for  a major 
portion  of  the  floodplain  classification.  Generally,  these  open  areas  are  wide  and  flat 
terraces  adjacent  to  ihe  river.  In  several  instances  upland  open  areas  were  incorrectly  clas- 
sified as  floodplain  These  areas  can  be  readily  identified  as  nonfloodplain  because  of 
their  position  relative  to  areas  classified  as  river  and  because  their  shape  suggest:  a feature 
other  than  a floodplain  This  discrepancy  was  easily  accounted  for  during  interpretation 
of  the  classified  data. 

An  attempt  at  improving  the  delineation  of  a floodprone  atea  boundary  in  forested 
areas  on  the  classification  map  was  made  by  three  interpreters  in  the  same  fashion  as 
performed  in  the  agncultural  areas.  In  all  cases  the  interpreted  floodplain  area  overesti- 
mated the  usage  floodplain  area  ranging  from  "'SI  ha|38^f)  to  14;?  ha(7;7ej.  Ihis 
overestimauon.  however,  may  indicate  that  the  interpreted  line  identifies  a boundary  that 
represents  a higher  flooding  freqaency  than  the  1 00-year  flood  Tfie  co'relation  coeffi- 
cients between  the  USAGE  flcodprone  boundanes  and  the  interpreted  boundaries 
(0.29-0.35)  in  the  forested  sites  -vere  much  lower  than  for  the  agncultural  areas.  There 
is  a strong  correlation,  however,  between  each  of  the  interpr'^'ed  boundaries  (0.82-0.90). 
indicating  a high  degree  of  repeatability.  On  several  sites  where  the  interpreted  line 
grossly  overestimated  the  USAGE  lOO-year  flood  line,  inspection  of  aerial  photos  revealed 
close  proximity  of  mountain  streams  that  would  affect  and  enlarge  the  previously  mapped 
floodplain.  In  general,  however,  floodpiain  delineation  in  the  agricultural  and  developea 
ar'as  was  much  easier  than  similar  delineation  in  foresteu  areas. 

Discussion 

■Virciaft  - A continuous  floodplain  line  could  not  oe  delineated  on  the  basis  of  com- 
puter analysis  of  the  aircraft  collected  MSS  data.  However,  the  computer  analysis  did  m- 
dicate  a break  between  floodplain  and  nonfloodplain  within  small  areas  which  correlated 
with  one  or  mote  floodplain  limits  derived  from  USAGE  maps,  soils  daia,  and  USCS 
sources. 

The  inability  to  consistently  map  a floodplain  boundary'  using  aircraft  data  based  on 
natural  indicators  was  due  to  several  factors  regarding  the  data  collection  medium  and  the 
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Study  area.  The  study  area  has  a very  complex  topography  and  many  land  cover  types. 
The  slopes  range  from  nearly  level  to  quite  steep,  with  greatly  varying  aspects.  The  land 
cover  types  include  arban  and  residential  areas,  small  agricultural  fields,  and  hetero- 
geneous forest  stands.  Research  in  more  uniform  study  sites  has  yielded  considerably 
more  successful  results.  The  impact  of  variable  terrain  and  land  use  on  pattern  recogni- 
tion is  profound. 

No  attempt  was  made  at  a sensitivity  s..alysis  of  spectral  band  >eiection  to  discern  only 
those  natural  features  that  are  strongly  associated  with  flood  frequency.  The  decision  was 
made  to  proceed  with  a multispectral  analysis  since  this  .approach  was  the  strength  of  the 
ORSER  software.  There  may  v/ell  be.  however,  features  in  nature  that  are  more  easily 
identified  by  selective  band  processing  and  this  approach  should  be  conducted  in  any 
follow-on  investigation,  especially  if  similar  terrain  is  selected. 

The  method  and  type  of  aircraft  digital  data  collection  system  were  also  fades 
affecting  the  potential  for  successful  findings  in  this  portion  of  the  investigation,  'n 
data  volume  alone  yelded  enormcjs  bus  of  information  that  had  to  be  arrayed.  \ 
matted,  screened,  catalogued,  and  analyzed.  In  this  regard  the  satellite  tcchniq.  * 
preferable  in  that  significantly  less  data  are  required  to  cover  the  same  size  area.  . '.e 
aircraft  platform,  being  subject  to  Tariable  atmospheric  buttressing,  will  occasionally 
render  irregular  'and  parcel  data.  This  phenomenon  has  a serious  impac.  on  the  trans- 
ferability of  signatures  derived  in  one  location  to  another.  In  addition,  the  platform,  be- 
cause of  the  narrow  field  of  view  afforded,  needs  to  be  directe(  piecisely  over  the  target 
to  obtain  radiometrically  accurate  results.  In  many  cases  during  ,!'is  study,  continuation 
of  analysis  along  a floodplain  segment  was  aborted  due  to  lack  of  coverage.  This  proble:n 
would  have  been  obvia  ed  by  using  shorter  flight  lines  to  accommodate  stteam  L.ner\nder 
patterns. 

' The  supplemental,  high  quality,  aerial  photography  collected  for  th's  study  was  ex- 
tremely useful  as  a source  of  ground  truth  to  which  computer  classification  results  of  the 
digital  MSS  data  could  be  easily  compared.  It  was  also  used  to  identify  areas  which  re- 
quired more  intensive  on-site  investigation. 

Satellite  ~ As  opposed  to  the  discontinuous.  iircr.,ft-derived  loodplain  boundary, 
satellite  data  afforded  a continuous  boundary  that  coud  .e  statistically  compared  to  a 
boundary  based  on  engineering  parameters.  The  compandor,  revealed  strong  agreement  i.i 
the  agnculfiral  and  developed  sites  and  indicated  a mur'^'d  o erestimation  in  forested 
sites.  The  discrepancy  oetween  the  two  areas  may  be  due  i.r  part  to  the  fact  that  two 
scener  of  fort  chanr.els  e?ch  were  merged  and  used  as  an  e,g,‘r»-chai.  lel  set  in  the  agn- 
cultural  and  developed  st  dy  area,  whereas  data  from  a single  scene  ronsistirg  of  only 
three  good  quality  channels  were  used  in  the  forested  :iudy  area.  Thus  grrmr  differen- 
tiation potential  existed  for  the  agricultural  a/id  developed  study  aiea.  I;  is  also  possible 
that  the  remote  sensing  boundary  identified  .n  the  foresieu  was  sn  indiratorof  the 
limit  of  a flood  with  a return  period  greater  than  iOO  years. 

It  appears  that  Landsai  digital  MSS  data  is  superior  to  low  altitude  aircraft -colleci  :d 
digital  MSS  data  for  Hoodplain  mapping.  However,  this  should  not  be  taken  as  a rec  .<ni- 
mendation  of  an  optimum  altitude  for  data  collection,  bui  only  as  a co:npar:son  of  duia 
from  the  two  altitude  ranges  available.  Based  on  past  experience  with  higli  aiu'.ide  .u- 
craft  imagery,  it  is  p,''ssible  iH;-.  MSS  data  from  such  a platform  would  be  duecily 
amenable  :o  floodplain  identification  ana  mapping. 
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summary  and  conclusions 

The  central  Pennsylvania  study  differed  from  most  of  the  previously  mentioned  flood- 
prone  area  studies  in  that  the  approach  primarily  employed  multispectral  classification 
techniques  using  digital  MSS  aircraft  and  satellite  data.  This  approach  not  only  makes 
maximum  use  of  the  resolution  capabilities  of  the  sensor  systems  but  also  contributes  to 
objective  interpretation  of  the  iloodprone  areas.  The  analysis  of  these  floodprone  areas 
is  not  fully  automatic,  however,  but  requires  the  attention  of  an  expert  in  remote  sensing 
who  is  familiar  with  floodplain  areas  to  allow  for  the  final  interpretation  and  location  of 
the  floodprone  boundary.  The  Pennsylvania  State  ORSER  digital  approach  permitted 
Landsat  results  to  be  displayed  at  a convenient  1:24.000  scale  and  aircraft  data  at  even 
larger  scales. 

In  this  case  study  it  appeared  that  the  hi^i  resolution  of  the  low  altitude  aircraft  sur- 
vey detracted  from  the  identification  of  the  floodprone  area  boundary.  The  small  p'xel 
size  of  ai'rraft  data  resulted  in  an  overabundance  of  detail  which  camouflaged  the  detec- 
tion of  the  subtle  floodplain  boundaries  in  many  areas.  In  contrast,  the  lower  resolution 
of  the  Landsat  MSS  data  seemed  more  effective  in  delimiting  floodplain  boundaries  in 
complex  areas  because  the  Larger  pixel  size  integrated  over  a number  of  specific  features 
to  come  up  wiih  a single  radiance  value.  When  compared  to  other  radiance  values,  the 
satellite-derived  tluodprone  area  boundaries  tend  to  stand  out  more  predominantly  than 
they  do  in  the  low  altitude  aircraft  data. 

Based  on  the  results  from  remote  sensing  floodplain  studies,  including  the  central 
Pennsylvania  study,  several  comments  on  the  general  suitability  of  using  remote  sensing 
data  in  floodplain  management  can  be  made.  Digital  multispectral  scanner  data  and 
automatic  digital  analysis  combined  with  a certain  amount  of  user  interpretation  is  to  be 
preferred  over  conventional  photointerpretation.  It  appears  that  remote  sensing  analysis 
can  delineate  floodprone  areas  best  in  agricultural  and  limited  development  areas  as  op- 
posed to  areas  covered  by  a heavy  forest  cover.  Visible  and  near  infrared  channels  are 
recommended  for  analysis. 

The  digital  data  analysis  can  produce  flood  hazard  boundary  maps  at  a usable  scale 
for  rural  areas,  namely.  I 24.000.  Similar  maps  at  scales  useful  to  urban  areas  must  await 
improved  resolution  MSS  data  from  space  or  from  high  altitude  aircraft  data.  Even  if  the 
maps  were  at  the  appropriate  scales,  it  is  unlikely  that  floodplain  management  agencies 
would  immediately  adopt  this  new  procedure.  Rather,  it  is  more  likely  that  the  remote 
sensing  technique  would  be  used  as  a form  of  preliminary  planning  information  or  as  an 
internal  check  on  previous  or  ongoing  floodplain  studies.  Remote  sensing  can  be  used  as 
another  form  of  local  knowledge  and  could  be  important  in  identifying  areas  where  major 
discrepancies  in  the  conventional  map  may  e.xist  and  further  surveys  are  merited. 

Once  a survey  has  been  completed,  whether  it  be  conventional  or  remote  sensing  based, 
the  remote  sensing  data  can  provide  detailed  land  use  analysis  in  tloodprone  areas  that 
can  serve  as  a base  for  assessment  of  potential  flood  damage.  The  enforcement  phase  of 
the  National  Flood  Insurance  Program  has  received  little  attention  to  date  because  of 
severe  FIA  manpower  limitations  (Comptroller  General  of  the  United  Stales.  1976).  The 
Comptroller  General  report  recommends  in  addition  to  improving  community  involve- 
ment in  the  enforcement  of  floodplain  management  regulations,  the  FIA  “provide  a 
means  of  systematically  spot  checking  community  compliance  with  program  require- 
ments.” It  is  quite  conceivable  that  remote  sensing  can  assist  in  effectively  monitoring 
floodplain  activities.  Even  at  Landsat  resolution,  major  and  minor  land  use  changes  in 
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floodplain  areas  can  be  detected.  Such  an  enforcement  system  would  permit  a check  on 
reporting  of  the  local  communities  in  the  program. 

The  continued  acquisition  of  remote  sensing  data  over  the  United  States  will  serve  to 
record  actual  flooding  events  on  an  increasing  number  of  streams.  Such  data  will  increase 
the  availability  of  actually  observed  flooded  area  maps  and  update  flood  hazard  boundary 
maps  where  they  already  exist.  Continued  remote  sensing  research  in  floodplain  manage- 
ment should  concentrate  on  attaining  the  optimum  resolution  with  multispectral  sensors, 
whether  from  high  altitude  aircraft  or  space  platform.  Finally,  as  the  enforcement  phase 
of  the  National  Flood  Insurance  Program  receives  increasing  emphasis,  the  capabilities  of 
remote  sensing  should  receive  serious  consideration  as  an  integral  part  of  the  program. 
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ABSTRACT 

We  dmcribc  a raearch  iCudy  in  which  wc  txplorad  tht  applkatioa  to  rainfall  pradktioo  of  cloud  liquid 
water  data  obtained  from  the  SCAMS  experiment  of  Nimbus  6.  The  study  ar«a  is  the  Pacific  Northwest 
coast  of  the  United  States,  where  rainfall  is  produced  by  extrattopical  storms  that  approach  from  across 
the  Pacific  Ocean. 

SCAhfS  data  relateo  to  cloud  liquid  water  over  the  ocean,  and  coastal  rainfall  data,  ate  analysed  for 
20  different  storm  systems  in  the  northeastern  Pacific  Ocean;  these  produced  sifnificant  rainfall  from 
Washiniton  to  cent^  California  durinf  the  period  October  1975-March  1976.  Results  show  that  the 
distribution  of  storm-cloud  water  analyzed  from  the  SCAMS  data  over  the  ocean  foieshadows  the  distribu- 
tion of  coastal  rainfall  accumulated  from  the  storm  at  a later  time. 

We  conclude  tost  passive  microwave  sensor  measurements  of  cloud  water  over  the  ocean,  when  used 
in  conjunction  with  numerical  and  other  objective  guidance,  can  be  used  to  enhance  the  accuracy  of  predic- 
tions of  coastal  rainfall  distribution. 

Limitations  in  the  SCAMS  measurements  and  in  the  data  analysis  and  interpretation  are  noted. 


1.  Introduction 

In  the  Pacific  Northwest  west  of  the  Cascades,  rapid 
increase  in  mountain  snowpack  or  in  runoff  can  be 
predicted  reliably  only  if  precursor  meteorological 
conditions  can  be  diagnosed  over  the  northeastern 
Pacific  Ocean,  where  little  or  no  conventional  weather 
data  e.xist. 

At  present,  the  regional  Limited-Area  Fine-Mesh 
Model  (LFM)  of  the  National  Meteorological  Center 
(NMC)  predicts  precipitation  for  the  West  Coast. 
However,  as  pointed  out  by  Fawcett  (1977),  the  model 
is  less  accurate  for  the  western  United  States  than  for 
other  geographic  areas,  due  to  the  absence  of  observa- 
tions over  the  eastern  Pacific  and  the  failure  to  correctly 
model  atmospheric  convection  and  effects  of  comp- 
licated terrain  on  the  atmosphere.  The  output  oi  the 
numerical  prediction  models  is  currently  complemented 
by  objective  precipitation  forecasts  from  the  Model 
Output  Statistics  (MOS)  technique  and  the  map-type 
Probabilities  of  Precipitation  (PoP’s)  method  (Klein 
and  Glahn,  1974;  Rasch  and  MacDonald.  1973):  also, 
cloud-image  data  from  satellites  are  increasingly 
used  in  forecast  preparation.  It  remains  difficult, 
however,  to  identify  those  storm  systems  over  the 
ocean  that  produce  surges  of  heavy  precipitation  over 
land,  especially  between  October  and  .April,  which  is 
the  time  of  greatest  rainfall. 

0021-5952,  79/09U5l-07S0S.:5 
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Passive  microwave  sensors  carried  on  research 
satellites  provide  measurements  inside  e.vtensive  storm- 
cloud  systems  that  the  visible  and  infrared  radiometers 
cannot  obtain.  For  e.xample.  the  Electrically  Scanning 
Microwave  Radiometer  (EbMR)  and  Scanning  Micro- 
wave  Spectrometer  (SCAMS)  instruments  on  the 
Nimbus  5 and  6 satellites  have  provided  data  directly 
related  to  precipitabie  water,  cloud  liquid  water  and 
rainfall  over  the  ocean  (Staelin  at  o/.,  1976;  Wilheit 
«f  oi.,  1977 ; Viezee  et  al.,  1978).  This  information  should 
be  e.xploited  in  research  related  to  the  precipitation 
and  the  hydrology  of  the  Pacific  West  Coast  states. 
Knowledge  about  cloud  water  conditions  over  the  ocean 
beyond  the  range  of  weather  radars  may  help  to 
anticipate  the  extent  of  significant  coastal  precipitation. 

This  study  emphasizes  the  analysis  and  interpretation 
of  data  related  to  total  nor.precipitating  cloud  liquid 
water  obtained  from  the  Nimbus  6 SCAMS.  The 
objective  is  to  see  if  satellite  microwave  data  related 
to  storm-cloud  water  over  the  northeastern  Pacific 
Ocean  can  enhance  precipitation  prediction  for  the 
Pacific  West  Coast. 

2.  Method  of  data  analysis 

The  Nimbus  6 SCAMS  was  launched  into  a noon- 
midnight  sun-synchronous  orbit  in  June  1975.  The 
sensor  was  designed  to  map  the  eirth  by  Kanning 
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Takx  1.  Storm  cum  in  Utt  northMium  PnciSc  Octna 
ulnctid  for  nanlytii. 


CSM 

No. 

DatM 

Case 

No. 

DatM 

1 

7-9  October 

1975 

11 

23-25  December  1975 

2 

15-17  October 

1975 

12 

6-8  January 

1976 

3 

34-26  October 

1975 

13 

12-14  January 

1976 

4 

27-29  October 

1975 

14 

25-2)  January 

1976 

S 

3-S  November  1975 

15 

11-13  February  1976 

6 

13-14  November  1975 

16 

19-21  February  1976 

7 

17-19  November  1975 

17 

23-25  February  1976 

8 

3-5  December  1975 

18 

26-28  February  1976 

9 

10-12  December  1975 

19 

17-19  Match 

1976 

10 

19-21  December  1975 

20 

30-22  March 

1976 

Utenlly  through  nadir,  >'ielding  full  coverage  about 
every  12  h.  Integrated  liquid  water  and  water  vapor 
abundances  are  obtained  over  the  ocean  from  the 
22.2  and  31.6  channel  radiances.  The  22.2  GHz 
channel  is  approximately  twice  as  sensitive  to  water 
vapor  as  the  31.6  GHz  channel,  and  the  31.6  channel 
is  approximately  twice  as  sensitive  to  the  liquid  water 
content  of  the  atmosphere,  so  two  measuremenu 
enable  both  water  vapor  and  liquid  water  estimates 
to  be  made.  No  valid  estimates  can  be  made  over  land. 
Details  of  the  statistical  retrieval  technique  are  de- 
scribed by  Staelin  tt  al.  (1976). 

We  have  analyzed  SCAMS  data  to  obtain  the 
distribution  and  amounts  of  liquid  water  in  20  cyclonic 
storm  situations.'  These  occurred  in  the  northeastern 
Pacific  Ocean  and  resulted  in  rainfall  along  the  west 
coast  of  the  United  States  during  the  winter  season 
October  1975-March  1976. 

Table  1 lists  the  20  3-day  periods  for  which  storm 
cases  were  selected.  In  each  case,  the  storm  system 
moved  eastward  toward  the  West  Coast. 

Nimbus  6 SCANS  digital  dau  tapes  were  used  in 
the  analyses.  Two  time  periods  at  intervals  of  10-13  h 
(ascending  and  descending  node)  were  available  for 
each  storm  day. 

Daily  precipiution  records  were  e.xamined  in 
conjunction  with  sequences  of  SMS-2  cloud  images  to 
determine  the  time  period  during  which  each  selected 
storm  system  affected  rainfall  along  the  West  Coast. 
For  this  time  period  (usually  three  successive  da>-s), 
rainfall  observations  at  27  coastal  stations  extending 
from  Quillayute,  Washington  (47.95*N)  to  Santa  Maria, 
California  (34.90*N)  were  analyzed  in  terms  of  variation 
in  latitude  or  distribution  of  coastal  precipitation. 

The  computer  program  used  in  analyzing  the  Nimbus 
6 SC.\MS  digital  data  and  the  coastal  rainfall  data 
has  three  major  subroutines.  One  subroutine  prints  the 
satellite  spot  values  for  a given  time  period  on  a 

> taalysM  w*n  mad*  usiag  SC.\MS  dau  relattd  to 

total  pradtiitabie  waur  but  iwulu  wai«  not  significaat.  K diffcmt 
appikatioo  of  thtta  daU  to  pttcipitatioo  prediction  is  diacuaaed 
by  VhaMW  al.  (1978). 


Mercator  map  e.xtending  from  30*-54*N  latitude 
and  120*-168*W  longitude.  The  second  subroutine 
averages  these  data  on  a 1*  mesh  gridpoint  array 
(25  rows,  27  columns).  For  each  time  period,  the 
third  subroutine  characterizes  the  storm  (on  the  basis 
of  the  SCAMS  data)  in  terms  of  the  distribution  of 
liquid  water  as  a function  of  latitude  from  north  to 
south  across  the  storm  area,  and  computes  the  degree 
of  linear  correlation  between  the  observed  distribution 
of  coastal  precipitation  and  the  antecedent  conditions 
of  the  storm’s  liquid  water  distribution  over  the  ocean. 

To  illustrate  the  above  method  of  anal\-sis,  Fig.  1 
shows  the  conditions  of  SC.AMS-derived  cloud  water 
associated  with  a major  storm  system  over  the  ocean 
identified  by  SMS-2  data  at  0230  PST  7 October  1975, 
and  about  24  h later,  at  0100  PST  8 October  1975. 
These  conditions  preceded  the  coastal  rainfall  shown 
in  Fig.  2,  which  shows  the  observed  distribution  of 
24  h coastal  rainfall  for  8-10  October  and  the  72  h 
cumulative  total  for  the  three  days.  In  Fig.  1,  the 
SCAMS  liquid  water  contents  derived  from  SC.\MS 
data  (middle  frames)  are  analyzed  on  the  1*  mesh, 
grid-point  array.  Each  printed  number  represents  the 
vertically  integrated  (columnar)  liquid  water,  averaged 
over  the  grid  square,  e.xpressed  in  units  of  10“’  mm 
(mg  cm'*).  Uncertainties  in  these  data  have  been 
discussed  by  Rosenkranz  and  Staelin  (1972)  and  by 
Staelin  tt  at.  (1976).  .\n  estimated  rms  accuracy  of  0.1 
mm  (10  mg  cm'*)  in  the  individual  data  points  can  be 
considered.  Ma.ximum  values  range  from  lOU-138  mg 
cm“’  in  the  northern  part  of  the  cloud  system  on  7 
October,  and  from  100-129  mg  cm'*  in  the  southern 
part  on  8 October.  The  characteristic  distributions  of 
total  liquid  water  (1*  latitude  strips  across  the  grid- 
point  area),  e.xpressed  in  units  of  10*  tons,  are  shown 
on  the  right  side.  The  data  of  Figs.  1 and  2 show 
that  the  distribution  of  cloud  water  analyzed  from 
SCAMS  has  a ma.ximum  (>0.9X10*  tons)  at  about 
0100  PST  8 October  between  latitude  45  and  37*N; 
coastal  rainfall  has  a raa.ximum  on  9 October  and  also 
in  the  three-day  cumulative  total,  between  these  same 
latitudes.  Thus,  the  distribution  of  the  cloud-water 
content  obtained  from  the  Nimbus  6 SC.\MS  over 
the  ocean  is  positively  correlated  with  the  distribution 
of  coastal  rainfall  observed  at  a later  time.  .Analyses 
such  as  illustrated  in  Figs.  1 and  2 were  made  for  all 
20  storm  cases. 

3.  Results 

For  each  of  the  20  cases  analyzed,  the  distribution  of 
72  h cumulative  rainfall  along  the  West  Coast  from 
.Astoria,  Oregon,  to  Santa  Maria,  California  (46-34*N), 
was  correlated  with  the  distribution  of  storm-cloud 
water  over  the  ocean  anal>  zed  from  the  SC.AMS  data 
at  times  ranging  from  36-96  h earlier.  The  particular 
antecedent  time  at  which  the  positive  correlation  was 
ma.ximum  was  identified  for  each  case.  Table  2 shows 
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Fm.  2.  Obicrvcd  couul  ninftll  diftributiott  from  WMluo(ton  (48*N)  to  centnl 
CoUfomik  (34*N)  durini  3-day  period  in  which  etona  tyatem  of  Fig.  1 affected  weather 
conditioat. 


how  these  maximum  correlations  are  distributed  with 
respect  to  the  corresponding  antecedent  time  period 
for  all  20  cases  analy^  and.  in  parentheses,  for  those 
14  cases  that  had  maximum  correlation  coefficients 
^+0.70.  In  the  primary  (20<ase)  data  sample,  the 
lowest  and  highest  correlations  were  +0.39  (Case  4) 
and  +0.99  (Case  12),  respectively.  It  is  seen  that  the 
72  h coastal  rainfall  distribution  is  most  frequently 
correlated  with  the  storm-cloud  liquid  water  distribu- 
tion over  the  ocean  analysed  from  SCAMS  data  that 
are  available  60-72  h earlier.  The  72  h cumulative 
rainfall  was  correlated  with  the  antecedent  cloud-water 
distributions,  because  it  represents  the  total  precipita- 
tion from  the  storm  sv'stem.  Also,  high  positive  correla- 
tions occurred  most  frequently  when  the  two  stations 


in  the  sute  of  Washington  (Quillayute  and  Hoquiam), 
where  rainfall  is  significantly  affected  by  orography, 
were  eliminated  from  the  data  samples. 

Table  2 shows  that  for  the  storm  cases  e.xamined  in 
October,  November,  January  and  March,  the  distribu- 
tion of  the  72  h cumulative  coastal  rainfall  is  highly 
correlated  with  the  distribution  of  storm  liquid-water 
content  over  the  ocean  at  a time  period  60-72  h earlier, 
exclusively.  The  December  and  Februaiy  cases  include 
results  with  the  variable  antecedent  time  periods. 
Storm  development  and  movement  were  not  accounted 
for  in  our  analyses  but  must  be  considered  when 
interpreting  the  correlation  coefficients.  For  e.xample, 
Fig.  3 presents  the  individual  dau  sets  and  linea. 
correlations  (r)  of  the  three-day  cumulative  coastal 


Tabu  2.  Fiaquascy  (number  of  cues)  of  maximum  poaitivt  correlation  between  72  h rainfall  along  the  West  Coast  (46-34*N)  and 
antecedent  SCAMS  cloud-liquid  water  over  the  eutern  Pacific  Ocean. 


Antecedent 
time  of 

Frequency  of  maxunum  positive  correlation 


correlation 

(h) 

October 

197S 

November 

1975 

December 

1973 

January 

1976 

February 

1976 

March 

1976 

I 

96 

M 

1 (1) 

1 (1) 

2 (2) 

72 

*(2)* 

1 (1) 

1 (1) 

2(2) 

8 (6) 

«0 

3(3) 

1 

2(1) 

1 (1) 

7 (5) 

M 

1 (1) 

1 (1) 

36 

2 

2 

Totals 

*(2) 

3(3) 

4 (3) 

3 (2) 

4(2) 

2 (2) 

20  (U) 

* Numben  in  patenthcics  refer  to  cases  with  maximum  correlations  ^ -f0.70. 
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Fig.  3.  Oau  uts  and  linear  corrtlationa  (r)  for  the  i-day  cumulative  coaatal  rainfall  distribution  observed  at  It  (lower  frame)  and  the 
antecedent  distribution  of  SCAMS  liquid  water  over  the  ocean  at  <•  —72  h (upper  frame)  for  cases  1-4  ((^tober  197S). 


rainfall  distribution  observed  at  f«  (lower  frames)  and 
the  antecedent  distribution  of  SCAMS  liquid  water 
over  the  ocean  at  u—’2  h (upper  frames)  for  cases  1-4 
(October  1973).  For  cases  2 and  3,  the  storm’s  direction 
of  movement  was  eastward  and,  consequently,  the 
correlation  coefficients  are  relatively  high.  For  cases 
1 and  4,  however,  storm  movement  was  southward 
and  northward,  respectively.  Translation  of  the 
antecedent  water  distributions  to  account  for  storm 
movement  during  the  ne.st  72  h would  have  increased 
the  coefficients  to  +0.80  or  larger. 

For  the  14  storm  cases  associated  with  correlation 
coefficients  ^+0.70,  Fig.  4 shows  the  relationship, 
e.xpresstd  by  linear  regression,  between  total  storm 
water  (IF)  over  the  ocean  and  total  72  h rainfall  (P) 
subsequently  recorded  along  (he  coast  from  46®-34®N. 
The  standard  deviation  of  P (±14.67  cm)  about  the 
linear  fit  is  too  large  to  give  much  practical  significance 
to  the  regression  equation.  This  indicates  that  the 
txjint  measurements  of  liquid  water  obtained  from 
SCAMS  do  not  represent  the  rainfall  for  the  entire 
storm.  It  is  encouraging,  however,  that  in  spite  of  the 
large  field  of  view  of  SCAMS  (145-200  Itm)  and  the 
simple  algorithm  used  to  derive  liquid  water  from 
SCAMS  measurements,  a positive  correlation  between 
remotely  sensed  total  storm  water  over  the  ocean  and 
recorded  total  rainfall  along  the  coast  is  evident.  Such  a 
quantitative  relationship  would  be  very  useful  in 
operational  weather  prediction  and  hydrology  and 
should  be  further  explored  with  cloud-water  data  such 
as  those  available  from  the  Scanning  Multichannel 
Microwave  Radiometer  (SMMR)  of  Nimbus  7. 

4.  Discussion 

Many  of  the  storms  e.xamined  were  associated  with  a 
cloud  system  oriented  from  southwest  to  northeast.  In 


these  cases,  the  northern  part  of  the  cloud  system 
crosses  the  coast  first,  after  whir  i rainfall  from  this 
part  no  longer  contributes  to  our  objective  analysis. 
Our  finding  that  the  distribution  of  total  storm  rainfall 
is  best  correlated  with  the  storm-cloud  liquid  water 
distribution  over  the  ocean  60-72  h earlier  results 
because,  after  this  ;ime  period,  the  storm-cloud  s.vstem 
is  no  longer  entirely  of!  the  coast.  Consequently,  its 
total  liquid  water  content  shows  decreasing  positive 
correlation  with  the  total  storm  rainfall.  To  relate  storm 
liquid  water  over  the  ocean  at  time  periods  <36  h 
before  landfall  to  the  distribution  of  coastal  rainfall 


ANTiCiOiNT  STOAM  WATf  A CONTiNT 
(SCAMSI  — 10*  tent 


Fig.  4.  Total  72  b coMtal  rainfall  (i*)  from  46*-34*N  vcnui 
anteceeent  SC.sMS-derivni  total  ttorm-*acer  content  (7F1  over 
the  nortbeasttm  Pacific  Ocean. 
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Fic.  5.  Compkhioa  between  LFM  piediction  of  comuI  rnininU  dUthbucion  (lower  fmmes),  obter\'cd  rauil'all  diitribucion  (middle 
frame*),  and  antecedent  SCAMS  liquid  water  distribution  over  the  ocean  (upper  frames)  for  two  different  cases.  Data  comparisons 
show  how  cloud  liquid  water  data  from  passive  microwave  senson  over  the  ocean  can  be  used  to  ;a)  reinforce  and  (b)  amend  numerical 
prcdictioos  of  consul  rainfall  distribution 


requires  additional  data  interpreution  and  anahsis. 
The  results  of  two  case  studies  are  presented  below. 

In  interpreting  the  study  results,  we  must  remember 
that  cloud  water  in  the  form  of  ice  crystals  does  not 
interact  significantly  with  microwave  radiation  and  is 
not  accounted  for  in  the  SC.\MS  data.  Furthermore, 
the  algorithm  by  which  SCAMS  radiance  data  are 


converted  to  liquid  water  is  based  on  the  assumption 
that  the  transmittance  of  water  clouds  is  proportional 
to  the  total  (integrated)  liquid- water  mass  regardless  of 
distribution  of  drop  size.  This  Rayleigh  appro.vimation 
applies  to  clouds  with  water-droplet  radii  <50  ^m. 
Thus,  the  SCAMS  liquid-water  values  are  derived  b>' 
neglecting  Kattenng  and  increased  absorption  due  to 
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precipitation.  Grody  (1976)  has  pointed  out  that  the 
SCAMS  algorithm  used  to  derive  liquid  water  results 
in  an  overestimate  for  cases  where  precipitation  is 
present.  Since  precipitation  was  always  present  in  the 
storm-doud  systems  examined,  our  study  emphasises 
(and  its  results  reflect)  the  application  of  reloHvi 
variations  (distributions)  in  storm*water  content 
rather  than  of  absolute  values. 

As  noted,  storm  development  and  movement  were 
not  account'd  for  in  our  andyses  but  must  be  considered 
when  interpreting  the  correlation  coefficients.  The 
analyses  are  straightforward  when  storm  s>-stems  move 
from  west  to  east,  and  our  grid  area  (25*  latitudeX26* 
longitude)  encloses  only  one  system  at  a time,  as  was 
the  case  in  October,  November,  January  and  March. 
For  December  and  February,  however,  two  frontal* 
wave  systems  moving  from  southwest  to  northeast  were 
frequently  present  within  the  area  of  analysis.  In  such 
cases,  the  computer  program  should  be  e.xpanded  to 
enable  the  separation  of  liquid-water  distributions  of  the 
two  storms  and  to  account  for  direction  of  movement. 

5.  Conclusions 

Cur  study  indicates  that  passive  microwave  sensor 
measurements  of  storm-doud  water  over  the  ocean, 
when  used  in  conjunction  with  numerical  and  other 
objective  guidance,  can  enhance  the  accuracy  of 
predictions  of  coastal  rainfall  distribution.  This  applica- 
tion is  further  e.xamined  by  comparing  our  data  with 
LFM  forecasts  of  the  amount  of  coastal  predpitation, 
at  times  corresponding  to  those  of  some  of  our  case 
studies.  LFM  forecase  periods  of  up  to  36  h are  avail- 
able. Forecasts  for  longer  time  perit^  would  have  been 
preferable  for  comparison  with  the  results  of  our  case 
studies,  which  showed  high  positive  correlation  between 
72  h coastal  rainfall  distributions  and  the  60-72  h 
antecedent  SCAMS  liquid  water  distributions  over 
the  ocean.  From  the  available  data,  the  LFM  24  h 
predpitation  predictions  were  selected  for  further 
analysis  in  the  following  manner : 

• The  case  studies  for  which  LFM  data  are  available 
were  reexjimined  for  high  positive  correlation  between 
the  distributions  of  observed  24  h coastal  rainfall  and 
of  SCAMS  data  over  the  ocean  at  antecedent  time 
periods  leu  than  those  considered  previously. 

• For  these  “short-term"  periods,  our  computer 
program  wu  modified  so  that  corresponding  data  sets 
of  observed  rainfall  distribution  over  land  and  ante- 
cedent total  liquid  water  distribution  over  the  ocean 
could  be  correlated  on  a smaller  space  and  time  scale. 
Also,  the  coastal  distributions  of  LMF-predic:cd  24  h 
precipitation  closest  in  validation  time  to  the  time  of 
observed  precipitation  (2400  PST)  were  included  in 
the  analysis. 

Two  examples  are  illustrated  in  Fig.  5.  Fig.  5a  shows 
the  24  h LFM  prediction  of  24  h cumulative  coutal 
rainfall  distribution  for  0345  PST  26  October  1975 
(lower  frame),  the  rainfall  distribution  observed  3.5  h 


earlier  at  2400  PST  25  October  (middle  'rame),  and 
the  storm-water  distribution  analyzed  frsm  SCAMS 
over  the  ocean  '»24  h earlier  at  0047 -C/243  PST  25 
October  (top  frame).  The  LFM-pred'.cted  rainfall 
distribution  ^ows  general  agreement  with  the  observed 
distribution  and  with  the  SCAMS  data  analysis.  In 
this  particular  case,  if  SCAMS  data  had  been  available, 
their  analysis  would  have  reinforced  the  accuracy  of  the 
LFM  prediction.  On  the  other  hand.  Fig.  5b  shows  a 
case  for  which  the  LFM  prediction  could  have  been 
amended  on  the  basis  of  the  SCAMS  data  analysis, 
since  the  latter  is  in  better  agreement « ith  the  observed 
rainfall  distribution  than  is  the  LFM  prediction. 

Application  of  utellite  remote  measurements  of 
cloud  liquid  water  to  rainfall  prediction,  as  discussed 
above,  requires  the  availability  oi'  near-real-time 
satellite  data.  It  remains  to  be  determined  whether  the 
potential  for  enhanced  accuracy  in  predicting  coastal 
rainfall  distribution  justifies  the  cost  of  making  such 
data  available. 
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APPLICATION  OF  NIMBUM  MICROWAVE  DATA  TO  PROBLEMS  IN 
PRECIPITATION  PREDICTION  FOR  THE  PACIFIC  WEST  COAST 


W.  ViazM  and  H.  ShigaiVii,  SRI  International,  Manlo  Park,  CnUfomia,  and 
A.  T.  C.  Chang,  Lriroratory  for  Aonotphark  Scianca,  Goddard  Space  Plight 
Cantar,  Graanbalt,  Maryland 

1.  INTRODUCTION 

Reliable  predictions  of  the  rapid  augmentation  of  mountain  anowpack  or  of  run- 
off in  the  Pacific  Northwest  westward  of  the  Cascades  depend  largely  on  the  extent 
to  which  pertinent  percursor  meteorological  conditions  can  be  diagnosed  over  the 
northeastern  Pacific  Ocean,  where  little  or  no  conventional  weather  data  exist.  Ai 
though  interpretations  from  Mtellite  doud-image  data  are  increasingly  used  in  weather 
forecast  preparation,  it  is  difficult  to  identify  in  advance  those  storm  systems  that 
produce  surges  of  heavy  precipitation  over  land,  especially  between  October  and  April. 

At  present,  the  regional  Limited-Area  Fine-Mesh  Model  (LFM)  of  the  National 
Meteorological  Center  (NMQ  predicts  predpitation  for  the  West  Coast.  However,  as 
pointed  out  by  Fawcett  (1977),  the  absence  of  observations  over  the  eastern  Pacific 
and  the  failure  to  model  correctly  atmospheric  convection  and  complicated  terrain 
effects  on  the  atmosphere  make  the  model  less  accurate  over  the  western  United  States 
than  for  other  geographic  areas.  Weather  forecasters,  therefore,  must  still  depend  on 
personal  insight  and  experience  in  coruunction  with  numerical  guidance  when  fore- 
casting predpitation.  The  output  of  the  numerical  prediction  models  is  currently 
complemented  by  objective  precipitation  forecasts  from  the  Model  Output  Statistics 
(MOS)  technique  and  th:  map-type  PoPs  (Klein  and  Glahn,  1974;  Rasch  and  MacDon- 
ald, 1975);  however,  predpitation  in  moderate  and  heavy  amounts  remains  one  of  the 
most  difficult  weather  variables  to  predict. 

Passive  microwave  sensors  carried  on  utellite  platforms  provide  measurements 
inside  extensive  storm  cloud  systems  that  the  visible  and  infrared  tadic  - eters  cannot 
obtain.  For  example,  the  electrically  scarming  microwave  radiometer  (l.SMR)  and 
scanning  microwave  spectrometer  (^AMS)  iiutruments  on  the  NIMBUS  S and  6 sat- 
ellites have  provided  data  directly  related  to  predpitable  water,  cloud  liquid  water, 
and  rainfall  over  the  ocean.  This  information  should  be  exploited  in  research  related 
to  the  precipitation  prediction  problems  and  the  hydrology  of  the  Pacific  West  Coast 
Sutes,  since  conditions  antecedent  to  significant  piedpitation  and  those  with  which 
numerical  prediction  models  must  be  initialized  develop  over  the  ocean. 

Tills  paper  reports  on  the  preliminary  results  of  a research  study  that  emphasizes 
the  analysis  and  interpretation  of  data  related  to  total  predpitable  water  and  nonpre- 
cipitating  cloud  liquid  water  obtained  from  NIMBUS-6  SCAMS. 

Sixteen  cyclonic  storm  situations  in  the  northeutem  Padfic  Ocean  that  resulted 
in  significant  rainfall  along  the  west  coast  of  the  United  States  during  the  winter  sea- 
son October  1975  through  February  1976  are  analyzed  in  terms  of  their  distdbutions 
and  amounts  of  total  water  vapor  and  liquid  water,  u obtained  from  SCAMS  data. 

The  wate^substance  analyses  for  each  storm  case  are  related  to  the  distribution  and 
amount  of  coutal  precipitation  obaerved  during  the  subsequent  time  period  when 
the  storm  system  crosses  the  coastline.  Concomitant  precipitation  pr^ictions  from 
the  LFM  are  incorporated  into  the  study  also.  The  overall  objective  of  the  research 
is  to  explore  techniques  by  which  utellite  microwsve  data  over  the  ocean  can  be 
used  to  improve  predpitation  prediction  for  the  Padfic  Wut  Cout  states. 
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NASA  Technical  Memorandum  80597  December  1979 

THE  DIELECTRIC  PROPERTIES  OF  SOIL-WATER  MIXTURES 
AT  MICROWAVE  FREQUENaES 

J.  R.Wan£ 

Laboratory  for  Atmospheric  Sciences 
ABSTRACT 

Recent  measurements  on  the  dielectric  constants  of  soil-water  mixtures  have 
shown  the  existence  of  two  frequency  regions  in  which  the  dielectric  behavior 
of  these  mixtures  was  quite  different.  At  the  frequencies  of  1.4  GHz  - 5 GHz 
there  were  strong  evidences  that  the  variation  of  the  dielectric  constant  e with 
water  content  W depended  on  soil  type.  While  the  real  part  of  e,  e',  for 
sandy  soils  rose  rapidly  with  the  increase  in  W,  e'  for  the  high -clay  content 
soils  rose  only  slowly  with  W.  As  a consequence,  e'  was  generally  higher  for 
the  sandy  soils  than  for  the  high-<lay  content  soil  it  a given  W.  On  the  othjr 
hand,  most  of  the  measurements  at  frequencies  < I GHz  indicated  the  increase 
of  e with  W independent  of  soil  types.  At  a given  W,  e'  (sandy  soil  )3‘e'  (high- 
clay  content  soil)  within  the  precision  of  the  measurements. 

These  observational  features  could  be  satisfactorily  interpreted  in  terms  of  a 
simple  dielectric  relaxation  model  suggested  by  Schwarz  (1962),  with  an  appro- 
priate choice  of  the  mean  relaxation  frequency  f„,  and  the  range  of  the  activa- 
tion energy  /}.  It  was  found  that  smaller  fj^^  and  larger/}  were  required  for  the 
high-clay  content  soils  than  the  sandy  soils  in  order  to  be  consistent  with  the 
measured  data.  These  requirements  on  f,^  and  /}  were  strongly  supported  by 
the  observed  dependence  of  the  soil  surface  area  per  unit  weight  on  the  soil 
types. 
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PASSIVE  MICROWAVE  REMOTE  SENSING  OF  SOIL  MOISTURE; 

THE  EFFECT  OF  TILLED  ROW  STRUCTURE 
J.  R.  Wang,  R.  W.  Newton,^  and  J.  W.  Rouse^ 

June  1979 
ABSTRACT 

The  tilled  row  structure  is  known  to  be  one  of  the  important  factors  affecting  the  observations 
of  the  microwave  emission  from  a natural  surface.  Measurements  of  this  effect  were  carried  out  with 
both  L-  and  X-band  radiometers  mounted  on  a mobile  truck  on  a bare  40  m x 45  m row  tilled  field. 
The  soil  moisture  content  during  the  measurements  ranged  from  ~ 10%  to  ~30%  by  dry  weight.  The 
results  of  these  measurements  showed  that  the  variations  of  the  antenna  temperatures  with  incident 
angle  d changed  with  th?  azimuthal  angle  a measured  from  the  row  direction.  In  particular,  at  9 * 0* 
and  a # 45°.  the  observed  horizontally  and  vertically  polarized  antenna  temperatures,  Tg||(9,  a) 
and  Tgy(9,  a),  were  not  equal.  Ir.  general,  Tgj|(0°,  o)  > Tgy(0°,  o)  when  0*  < c < 45*  and 

when  45"  < a<  90*.  The  difference  between  TgjjfO*, a) and  Tgy(0*,  a) 
was  observed  to  decrease  with  a approaching  45*  and/or  with  soil  moisture  content. 

A numerical  calculation  based  on  a composite  surface  roughness  - a small  scale  RMS  height 
variations  superimposed  on  a large  periodic  row  structure  - was  made  and  found  to  predict  the  ob^ 
served  features  within  the  model's  limit  of  accuracy.  It  was  concluded  that  the  difference  between 
Tbv  (0*.  a)  and  Tg^^  (0*,  a)  was  due  to  the  change  in  the  local  angle  of  field  emiarion  within  the 
antenna  field  of  view  caused  by  the  large-scale  row  structure. 

* Laboratory  for  Atmospheric  Sciences,  N ASA  Goddard  Space  Fli|ht  Center 
^Remote  Sensing  Center,  Texu  AAM  University,  Coikgc  Station,  Texu 
^Department  of  Electrical  Engineering,  University  of  Missouri,  Columbia,  Moaouri 
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NASA  Technical  Memorandum  796S9  October  1978 

AN  EMPIRICAL  MODEL  FOR  THE  COMPLEX  DIELECTRIC 

PERMITTIVITY  OF  SOILS  AS  A FUNCTION  OF  WATER  CONTENT 
J.  R.  Wang  and  T.  J.  Schmugge 

ABSTRACT 

The  recent  measurements  on  the  dielectric  prc^rties  ot  soils  have  shown 
that  the  variation  of  dielectric  constant  with  moisture  content  depends  on  soil 
types.  The  observed  dielectric  constant  increases  only  slowly  with  moisture 
content  up  to  a transition  point.  Beyond  the  transition  it  increases  r^idly  with 
moisture  content.  The  moisture  value  at  transition  region  was  found  to  be  hi^er 
for  high  clay  content  soils  than  for  sandy  soils.  Many  mixing  formulas  reported 
in  the  literature  were  cony)ared  with,  and  were  found  incompatible  with,  the  mea- 
sured dielectric  variations  erf  soil-water  mixtures.  A simple  empirical  model 
was  proposed  to  describe  the  dielectric  behavior  of  the  soil-water  mixtures. 

This  model  employs  the  mixing  <rf  either  the  dielectric  constants  or  the  refrac- 
Indices  of  ice,  water,  rock  and  air,  and  treats  the  transition  moisture  value  as 
an  adjustable  parameter.  The  calculated  mixture  dielectric  constants  from  the 
model  were  found  to  be  in  reasonable  agreement  with  the  measured  results  over 
the  entire  moisture  range  <rf  0-0. 5 cm  /cm^.  The  transition  moistures  derived 
from  the  model  range  from  0.09  to  0.30  and  are  strongly  correlated  with  the 
wilting  pcrfnts  of  the  soils  estimated  from  their  textures.  This  relationship 
between  transition  moisture  and  wilting  point  provides  a means  <rf  estimating 
soil  dielectric  properties  on  the  basis  of  texture  information. 
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AN  ALGORITHM  FOR  RETRIEVAL  OF  OCEAN  SURFACE  AND 
ATMOSPHERIC  PARAMETERS  FROM  THE  OBSERVATIONS  OF  THE 
SCANNING  MULTICHANNEL  MICROWAVE  RADIOMETER  (SMMR) 

T.  T.  Wilhcit  and  A.  T.  C.  Chang 
NASA/Goddard  Space  Flight  Center 

ABSTRACT 

The  Scanning  Multichannel  Microwave  Radiometer  (SMMR)  is  a S-frequency  (6.6, 10.7, 18, 21, 
and  37  GHz)  dual  polarized  microwave  radiometer  which  was  launched  in  two  separate  satellites, 
Nimbus-7  and  Seasat  in  1978.  A formalism  is  developed  which  can  be  used  to  interpret  the  data  in 
terms  of  sea  surface  temperature,  sea  surface  wind  speed,  and  the  atmoespheric  overburden  of  water 
vapor  and  liquid  water.  It  is  shovnt  with  reasonable  instrumental  performance  assumptions,  these 
parameters  can  be  derived  to  useful  accuracies.  Althou^  the  algorithms  are  not  derived  for  use  in 
rain;  it  is  shown  that,  at  least,  token  rain  rates  can  be  tolerated  without  invalidating  the  retrieved 
geophysical  parameters. 
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ANTARCTIC  SEA  ICE  VARIATIONS  1973-75 


H.  J.  Zwelly,  C.  Parkirnon,  F.  Cancy,  P.  GloarMn,  Ltbonttyy  for  Atmotpheric 

Scionem  (GLASI.  Goddard  Spact  Fli^t  Cantar.  National  Aaronautkt  and  Spaca 

Adminktration.  Graanbalt,  UD  20771 

W.  J.  Campbell,  U.S.  Gaologkal  Sttrvay,  Tacoma.  WA  96416 

R.  O.  Ramteiar,  Dapartmant  of  Fmrirortmant.  Ottawa,  Canada  K1A  OHS 


ABSTRACT 

Variations  in  the  extent  arxi  concentration  of 
aea  ice  cover  on  the  Southern  Ocean  are  described 
for  the  three-year  period  1973-75  using  informa- 
tion derived  from  the  Nimbus-5  passive  microwave 
imager  (ESMR) . 
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11  HydroloQlcal  tnalysis  ol  East 
tustraliao  Fiooiis  Osins  Nlm&us-S 
Eleclrlcally  Seannins  Radiometer 
Data 


Lewis  J.  Allison  and  Thomas  J.  Schmugge 
Goddard  Space  Flight  Center 
Greenbelt,  Md.  20771 
and 

Gavin  Byrne 

Commonwealth  Scientific  and  Industrial  Research 
Organization  (CSIRO)  Canberra,  A.C.T.,  Australia 


Abstract 

The  chronolofical  development  and  diminution  of  six  floods 
in  eastern  Australia  during  January,  February,  and  March 
1974  were  mapped  for  the  first  time  by  the  Nimbus  Elec- 
trically Scanning  Microwave  Radiometer  (ESMR).  Day  and 
nighttime  ESMR  (19.JS  GHz)  coverage  was  analyzed  for 
the  low  gradient,  flooded  Darling  River  system  in  New 
South  Wales.  Apparent  movement  of  surface  water  as  indi- 
cated by  low  brightness  temperatures  (<250  K,  day  and 
<240  K,  night)  was  easily  followed  around  the  curved  runoff 
basin  along  the  northern  shoreline  of  the  flooded  Darling 
River  during  this  J-month  period.  This  pattern  was  in  good 
agreement  with  flood  crest  data  at  selected  river  height  gage 
stations,  even  under  cloudy  conditions. 


1.  Introduction 

The  Nimbus-S.  a research  and  development  satellite 
launched  on  12  December  1972,  carried  the  Electrically 
Scanning  Microwave  Radiometer  (ESMR).  which  re- 
corded microwave  brightness  temperatures  (Tb)  from 
whic^  .t  has  been  possible  to  estimate  meteorological 
an.  .lydrological  parameters  on  a global  scale. 

The  microwave  brightness  temperature  (,Tb)  of  the 
earth's  surface  is  essentially  the  product  of  the  surface 
temperature  and  surface  emissivity.  with  additional 
attenuation  and  emissions  due  to  atmospheric  water 
vapor  and  liquid  water  droplets  (Allison.  1975  ; Zwally 
and  Gloersen.  1977).  Ice  crystal  clouds  (cirrus)  have 
little  effect  r.i  microwave  radiation  and  are  essentially 
trans','arr.,t  at  the  1.55  cm  ESMR  wavelength.  Mo- 
leculai  ' xygen  absorption  can  also  be  neglected  at  this 
w^.t’idength  (Wllheit  ft  of..  1977).  Emissivity  is  the 
-ajo  of  the  radiation  from  a surface  at  a measurable 
temperature  for  a given  wavelength  interval  to  that 
from  a blacic-body  source  at  the  identical  tempera- 
ture. When  the  emissivity  is  1.  the  suKace  radiates 
as  a black  body.  When  it  is  less  than  1.  the  surface 
behaves  as  a gray  body.  The  emissivity  of  the  surface 
depends  on  among  other  things,  the  medium's  di- 
electric properties,  and  for  a smooth  surface  can  range 
from  0.4  for  water,  which  has  a large  dielectric  con- 
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Fig.  1.  The  Nimbus-5  spacecraft  and  associated  experiments. 


slant,  to  about  0.7  for  wet  soils,  and  to  >0.9  for  dry  soils 
and  dense  vegetation.  Microwave  emission  from  sur- 
faces is  also  affected  by  roughness,  topographic  slope, 
stratigraphy  (layering  of  different  materials),  density 
of  rocks,  and  vegetation  cover  (Moore  tt  al..  1975; 
Ulaby,  1977 : Allison.  1977).  For  example,  a smooth 
bare  dry  soil  urface  whose  physical  temperature  was 
290  K and  emissivity  was  0.90-0.95  would  indicate 
a Tb  of  261-275  K.  This  is  to  be  contrasted  to  the 
low  Tb  over  the  calm  ocean,  which  is  approximately 
120  K.  a result  of  low  water  emissivities  of  ~0.4  at 
19.35  GHz.  The  state  of  the  sea  surface  (wave  height, 
roughness,  and  foam)  would  increase  the  observed 
brightness  temperature  for  winds  above  7 m/  s at  the 
rate  of  1 K/(ms~‘)  (Nordberg  cl  af.,  1971). 

Nimbus-5  ESMR  data  have  been  used  to  detect 
rainfall  over  the  ocean  by  .Allison  et  al.  (1974).  Rao 
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Fig.  2.  .Annual  mean  rainfall  (in)  fLecper,  1973). 


Fic.  3.  Conventional  phococrapiia  ihowing  terrain  and 
vegetation  features  in  Ne«'  South  iVaies  and  SmiH  .AuKralia. 
iLaut  et  ai..  1977).  (a)  Hill  and  plain  vich  laitbuth.  (b)  Cibber 
Plain  vith  tufted  grasses,  tc'  Dunes,  claypana  and  channels 
near  Lake  Eyre,  (d)  Dune  «ith  eroaion  remnanta  and  the 
lake  in  the  background. 
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Fic.  4 Maior  nv«r  fVMtmf  with  minor  tnbuuriM  and  lake  locationa  caatrm  half  of  Aimralu. 
Dot-daah  boi  outlinat  (ht  (tudy  am  analyiad  m thit  paper  tDtparcmanc  of  National  D«v«lop- 
iMBt.  1956.) 
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FlO.  5.  A deuiled  ch»rt  of  the  Darling  River  lyetem.  New  South  Walee.  Auatralia 


et  oi.  Xidder  and  Von  der  Haar  (1977).  Wilheit 

rt  al.  (1977).  .Adler  and  Rodgert  (1977).  .Austin  and 
Geotia  (1978).  and  Stout  and  Martin  (1979)  This  is 
possible  because  the  oceans  proWde  a relatively  con- 
stant. low  Tf  ($  150  K)  background  for  observing  the 
atmosphere.  Over  land  the  background  Ta  is  higher, 
typically  >J50  K.  and  more  variable,  as  a result  at- 
tempts to  measure  rainfall  over  land  with  the  .\‘imbus-5 
ES.MR  have  (ailed  (Meneely.  1975).  However,  there 
has  been  some  limited  success  in  delineating  rain  over 
.and  using  theoretical  analysis  and  actual  case  studies 
of  the  dual  polarized  .N'imbus-d  ES.MR  (37  GHz) 
(Rodgers  ti  of..  1978.  Savage  and  Weinman.  1975) 
The  effect  of  rainfall  over  the  ocean  is  to  increase 
the  Ta  observed  from  space  up  to  250  or  260  K (or 
high  ram  rates.  The  rate  of  increase  in  Ta  depiends 
on  the  wavelength  .At  the  I 55  cm  Nimbus-5  ESMR 
wavelength,  this  maximum  is  reached  for  a rain  rate 
of  approximately  10  mm  h (Wilheit  tt  al..  1977V  This 
relationship  has  been  used  to  determine  rainfall  rates 
over  the  oceans,  thus  providing  information  (or  regions 
of  the  earth  for  which  there  were  very  few  conven- 
tional data  available.  These  data  have  been  combined 
to  produce  an  atlas  of  the  monthiv  averages  of  rainfall 


over  the  oceans  (Rao  and  Theon.  1977.  Rao  rt  jf . 
1976). 

The  extent  of  a disastrous  regional  flood  in  the 
Mississippi  Valiev  at  varying  recurrence  nitervals  was 
mapped  by  use  of  Landsat  (Rango  and  .Anderson. 
1974.  Rango  and  Salomonson.  1974,  Otterman  el  al.. 
19761.  .NO.A.A  \'HRR  (Wiesnet  et  al..  1974).  and 
Nimbus-5  ES.MR  data  (Schmugge  ei  al..  1974). 
However,  a complete  time  sequence  of  a major  flood 
had  not  yet  been  demonstrated  by  satellite  anaivsis. 
This  paper  will  present  Nimbus-'  microwave  data 
that  were  used  to  detect  and  map  the  movement  of 
flooded  areas  in  eastern  .Australia  from  January  to 
March  1974 

2.  Electrically-scanning  microwave  radiometer 
experiment 

The  Nimbus-5  spacecratt  (Fig  II  was  flown  in  a near- 
polar  (31*  retrograde)  sunsvnchronous  circular  orb't 
of  about  1100  km.  Each  orbit  crossed  the  equator 
northward  at  approximate  local  noon  and  southward 
at  midnight  with  a 27*  longitude  separation  and  a 
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Fig.  6.  Ronfall  (in  percent  normal)  for  Januar>'  and  February  lOT-t.  Curentiand  and  Nev» 

South  WaJo 


period  oi  lOT  mm.  The  Nimbus-5  ES.MR  measures 
the  emitted  radiation  from  the  earth’s  surface  and 
intervening  atmosphere  in  the  250  MH*  band  centered 
at  19  35  CHa  (1.55  cm),  with  a noise  equivalent  tem- 
perature diiTerence  (NE.37^  oi  approximateK  2 K. 
It  scans  trans\erse  to  the  ilight  path  even.  4 s from 
50*  to  the  left  through  nadir  to  50*  to  the  right  in 
T8  steps  with  some  overlap  The  scanning  process  is 
controlled  bv  an  onboard  computer  and  the  radiome- 
ter Kans  a region  whose  width  is  approximatelv  30*  of 


longitude  at  30*N  The  haif-power  be.,  iiwidth  of  the 
antenna  is  I 4*  at  nadir  and  the  2 2*  at  50*  edges 
with  resultant  fiv'tprints  of  22  km  and  45  b»  IbO  kni. 
respectnelv  bince  the  ES.MR  senses  horijoniallv  po- 
larized radiation  a scan-angle  dependent  correction 
was  applied  to  the  data  to  make  each  observation 
more  closeiv  equivalent  to  a linearlv  polarized  nadir 
observation  Wilheit  1973)  The  instrument  and  its 
basic  phv  sics  are  discussed  in  more  derail  bv  W'llheit 
(1972)  Wilheit  ft  it  1973)  and  .Mlison  ft  ii  1974) 
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9 JAN.  1974 
(NIGHT) 
RAIN 

(a) 


10  JAN.  1974 
(NIGHT) 
RAIN 

(b) 


21  JAN.  1974 
(NIGHT) 

(e) 


24  JAN.  1974 
INIGHT) 


(f) 


Fic.  7.  Nimbu»-S  ESMR  (1935 
GHi)  pbocofscomile  pictum  oi  the 
Eaft  AuacralUn  floods  from  9 Jsntury 
1974  to  21  Morch  1974.  The  arrows 
indicate  the  wet  (round  in  the  Darlin( 
River  lyttein  dunng  this  penod. 


16  JAN.  1974  19  JAN.  1974 

(DAY)  INIGHT) 

rain  (d) 

(C) 


31  JAN.  1974 
(NIGHT) 


(g) 


2 FEB.  1974 
(NIGHT) 


(h) 


7 FEB. 1974 
(NIGHT) 

(i) 


14  FEB.  1974 
(NIGHT) 

(j) 


19  FEB.  1974 
(NIGHT) 
RAIN 

(k) 


23  FEB.  1974 
(NIGHT) 

(I) 


J 


28  FEB.  1974  5 MARCH  1974  14  MARCH  1974 
(NIGHT)  (NIGHT)  (NIGHT) 

(m)  (n)  (0) 


21  MARCH  1974 
(NIGHT) 

(P) 


it 
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• MANCH  1174  OnilT  MU1  (NIOHTI 


14  MARCH  1174  ORtIT  I1S3  INtCHTt 


Fic.  t.  NimburS  ESMR  (19.J3C  Hi)  |nd-pnnt  mmpt  ol  brifhtneM  temperacum  (7a,  K). 
Tbc  Mn|lt  arrow  indicatet  the  flooded  Darlini  River  lyaiem.  The  double  a>^ow  indicatei  the 
LAkc  Yamma  Yamma  and  flooded  Coopen  Creek  area,  10  January-14  March  i974 


3.  The  1974  East  Australian  floods 

a.  Backtround  in/ormation 

Figure  2 shows  the  annual  mean  rainfall  in  inches  for 
Australia.  The  wetter  areas  are  indicated  by  grey 
tones  ( > 20  in)  and  are  located  along  the  coastal 
strips  to  the  north,  northeast,  east,  southeast,  and 
soui!>*est.  During  the  summer  months  (December- 
February)  the  rainy  intertropical  zone  of  convergence 
(ITC)  is  indicated  by  a low  pressure  monsoonal  area 
that  forms  over  the  north  equatonal  coast.  Extensive 
extremely  dry  desert  regions  ;<10  in  (250  mm)  yr) 
are  shown  covering  large  areas  of  central  and  western 
.Australia.  Evaporation  is  high  and  on  the  average  is 
equivalent  to  87%  of  the  rainfall  as  compared  to  60% 
for  Europe  and  North  .America.  Thus  only  a small 
proportion  of  rainfall  becomes  surface  runoff  except 
dunng  heavy  rain  prnods.  During  the  winter  months. 
June- .August,  the  north  coast  is  dry  as  the  ITC  moves 
northward  into  the  I-'orthern  Hemisphere  while  the 
southern  coastal  strips  receive  rain  from  the  west- 
to-eait  traveling  lows  in  the  "Roaring  Forties"  (Leeper, 
1973).  .An  average  of  10-2')  in  of  rain  per  >ear  falls 
in  semiarid  Queensland  and  .New  South  Wales  (with  the 
exception  of  coastal  strips)  and  permits  sheep  and 
cattle  grazing  in  vast  treeless  grasslands  and  low  open 
hilly  woodland,  examples  of  which  are  shown  in 
Fig.  3a  and  b (Laut  <t  a/..  1977)  .A  'arge  number  of 
deep  artesian  wells  in  the  Great  .Artesian  Basin  (the 
eastern  quarter  of  .Australia  in  the  Ctntral  Basin) 
supplement  the  surface  water  supply  for  tne  sheep  and 
cattle  industnes.  Orographic  maps  of  .Australia  indicate 
that  elevations  ranging  from  300  to  lOftO  m exu'  in  the 
eastern  highlands,  while  the  Central  Basin  is  generally 
below  150  m ''‘his  basin  has  two  major  drainage 


Fig.  9 Landsat  1 lMSS-7,  frame  no.  1563-23530)  recorded 
on  6 February  1974.  Lake  Yamma  Yamma  Uppendage  lower 
left)  is  shown  near  darker  flooded  Coopers  Creek  lowland 
(center  right). 


systems  the  Lake  Eyre  intenor  drainage  and  the 
Murray- Darling  River.  These  two  gently  sloped  sys- 
tems have  <l  in  (2  5 cm)  runoff  annually  The  typical 
sand  dunes,  erosion  channels,  and  da>pans  of  the 
Lake  Eyre  region  in  south  central  .Australia  are  shown 
in  Fig.  3c  and  d. 

The  lakes  in  the  central  internal  drainage  basin  in 
south  .Australia  are  dr.'  most  of  the  time  and  only 
li..  dunng  penods  of  heavy  rainfall.  In  1974  it  was 
possible  to  monitor  their  Hooding  with  the  Nimbus-5 
ES.MR.  The  particular  lakes  that  will  be  discussed  in 
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CATHMINT  ARIA:  140,400  KM> 

Fig.  10.  B&r»on  River  at  Walgctt.  New  South  Wale*.  1974  flood  hydrofraph  and  auperimpoaed 
Nimbua-S  night  ESMR  brightneta  tentperaturea  (T §,  K)  and  daily  rainfall  (mm). 

lome  detail  are:  Bulioo  Lake,  which  ia  the  terminus  (south  of  the  Gulf  of  Carpentaria,  the  Coopers  Creek 

of  the  Bulioo  River  in  southwestern  Queensland,  and  area  of  southwest  Queensland,  the  Lakes  Eyre.  Frome. 

Lake  Yamma  Vamma  with  the  neighbonng  lowlands  Gairdner.  and  Torrens  area  in  South  .\ustralia.  and 

of  Cooper's  Creek  li-ig.  4).  the  Darling  River  basin  in  New  South  Wales  and 

The  area  of  flooding  that  will  be  discussed  is  along  sooth  Queensland.  Figure  6 shows  the  rainfall  in  both 

the  Darling  River  in  New  South  Wales.  Early  in  the  Queensland  and  New  South  Wales  for  January  and 

period  the  flooding  was  concentrated  around  the  town  February  1974.  which  ranged  from  50  to  2000%  of  the 

of  Walgei'  in  the  northeast  section  of  New  South  normal  2.5-400  mm  per  month  (Bureau  of  Meteoro- 

Wales  tFig.  5)  The  flooded  area  will  appear  to  move  logy.  1974).  The  runoff  due  to  this  heavy  rainfall 

downnver.  ending  up  at  Menindee  in  March  1974.  flowed  slowly  southward  through  normally  dry  chan- 

The  January- .'(arch  1974  period  was  an  anomalous  nels  into  a network  of  rivers  that  feed  into  Lake  Eyre 

season  m that  heavy  rainfail  and  severe  flooding  oc-  and  the  Darling  River  system  (Warner.  1977 ; Vickery, 

ci  rred  in  the  northern  coastal  plains  of  Queensland  1974).  similar  flood  occurred  in  .\ustralia  during  the 
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Fto.  11  Si\  regions  in  Eastern  Australia  that  were  covered  by  Nimbus-5  ESMR  brightness 
temperatures  ^240  K (night)  and  ^ 250  K (day). 

194^,')0  period  in  which  large  areas  of  the  Lake  Eyre 
drainage  division  were  inundated  and  rivers  flooded 
up  to  30  km  in  width  in  certain  areas.  Flooding  in 
the  lower  reaches  of  this  inland  water  system  can 
occur  3 months  after  the  rainfall  event  in  the  head- 
waters of  these  drainage  divisions.  (A.jstralian  Water 
Resources  Council.  1976;  Gibbs  and  Maher.  19o7. 

Pittock,  1975 ; Foley.  1954.) 

In  the  last  100  years,  the  worst  previous  flood  years 
in  .Australia  occurred  in  1852-3.  1863.  1870.  1875. 

1387,  1889-94.  1909-11.  1916-17.  192:.  1925,  1931. 

1934.  and  1949-50  (Foley.  1954). 

!>.  Chronology  of  the  1974  flood 

•At  the  beginning  of  January'  1974  a normal  summer 
monsoonal  trough  e.vtended  from  the  Gulf  of  Carpen- 
taria southeastward  through  Queensland  and  northern 
N'ew  South  Wales.  By  9-10  January  1974.  th's  surface 


trough  became  well  defined  and  ensuing  heavy  rains 
(>300  mm)  fell  in  Queensland  ;.nd  .\ew  South  Wales. 
In  addition  Tropical  Storm  Wanda  moved  westward 
inland  over  southeast  Queensland  and  increased  the 
anomalous  rainfall  0 200  mm)  from  24  to  26  January 
1974.  (Bureau  of  .Meteorology,  1974.)  The  Nimbus-5 
ES.MR  photofacsimile  pictures  (Fig.  7a.  b).  starting 
9 January  1974.  show  the  N'W  SE-oriented  trough 
with  white  indicating  "cold"  brightness  areas  of  rain 
and  or  wet  ground  over  a dark  "warm"  ground 
background.  Ocean  areas  are  white  since  they  consist 
of  lower  To  values  due  to  l"w  surface  emissivities  (0.4) 
Heavv  rains  (300  mm  from  7 to  10  January  at  Walgeti, 
fell  on  the  u iland  portions  of  the  Darling  River 
watershed  producing  a large,  almost  circular,  region 
of  lowered  Tb  \aiues.  seen  in  Fig.  7c-e.  .As  the  re- 
gion dried  out.  the  total  area  of  'owered  Tb  decreased 
and  began  to  move  down  to  the  south  and  take  the 
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ahap<  of  the  lower  portion  of  the  drainage  basin 
(Fia.  7f-j).  Additional  rain  (35-62  mm)  on  19-20 
February  increased  the  size  of  the  low  Tt  region 
(Fig.  7k).  The  region  continued  to  move  southward 
and  decrease  in  size  until  21  March  when  the  sequence 
stops  (Fig.  7l-p).  To  the  west  of  the  Darling  River 
basin,  the  left  side  of  Fig.  7,  are  the  interior  lakes  of 
South  Australia.  These  lakes  show  a large  change  in 
size  from  9 January  to  23  February  as  the  runoff 
from  the  uplands  drains  into  these  interior  basins. 

A more  quantitative  presentation  of  these  features 
is  given  in  Fig.  i,  which  contains  contour  maps  of 
brightness  temperature  values  for  the  Darling  River 
basin.  Regions  with  Ts  < 240  K for  night  orbits  and 
Tt  < 250  K for  day  orbits  are  shaded  or  ziptoned  to 
indicate  regions  with  substantial  flooding.  This  is 
based  on  the  auumpdon  that  areas  with  persistent 
low  brightness  values  are  those  having  a substantial 
amount  of  standing  water  within  the  sensor  fleld  of 
view.  Res  .cs  presented  over  Illinois  in  1973  (Schmugge 
H al„  1977)  and  in  Australia  in  1976  (Barton,  1978) 
indicate  that  wet  soils  alone  would  not  produce  the 
persistent  low  Ta  \'aiues.  Barton  (1978).  in  an  anal- 
ysis of  ESMR  data  over  Australia,  found  that  there 
was  no  respou.s  to  wet  ground  if  there  was  vegetative 
cover,  e.g.,  in  his  case  at  Deniliquin  with  native  grasses. 
In  the  other  analysis,  Schmugge  et  al.  (19*7)  found 
that  if  wet  bare  soil  was  exposed,  the  surface  layer 
would  dry  rapidly,  producing  a high  Ta  value.  It  was 
concluded  from  these  studies  that  bare  soil  regions 
with  persistent  low  T*  values  were  covered  with  a 
large  amount  of  standing  water  in  a warm  season 
period.  The  particular  values  of  Ta  chosen  to  delineate 
areas  srith  substantial  flooding  were  those  that  would 
indicate  that  25-30^,,  of  the  area  within  rhe  sensor’s 
field  of  view  was  water  covered.  This  percentage  was 
determined  by  observing  that  the  Ts  of  unflooded 
grassland  was  280  K,  while  the  lowest  Ta  observed 
for  the  interior  lakes  was  in  the  170-180  K range. 
Thus  for  a daytime  orbit. 


Percent  of  standing  water 


Ta  (dry)  — Ta 
Ta  (dry)  - Ta  (wet) 


280  K - Ts 
280  K - 170  K 


100 


It  is  recognized  that  this  is  only  an  esti.itate  and  that 
regions  with  temporarily  saturated  soils  could  also 
have  Ts  in  the  250  K range. 

Figure  8 shows  the  Ta  contour  map  for  the  time 
of  the  most  intense  rainfall  over  the  area  with  ex- 
tensive ground  wetness.  The  low  Ta  values  are  the 
result  of  increased  ground  wetness  rather  than  being 
due  to  the  rain  itself,  since  the  lowest  Ta  expected 
for  intense  rain  is  approximately  250  K iVVilheit  et  ai.. 
1977),  By  22  January  (Fig.  8b)  the  shaded  area  has 
decreased  to  a 150  by  200  km  section  centered  around 
the  town  of  Walgett.  The  other  shaded  » north  of 
the  town  of  VVilcannia  is  Lake  Bulloc  .n  internal 
drainage  basin.  .Above  that  is  Lake  Yamma  Vamma. 
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Ftc.  12.  Estimated  total  flooded  sui.'ace  area  (km*)  for 
area  6 (shown  in  Fig.  11),  in  Eastern  .Australia  from  January 
to  March  1974  derived  from  Nimbus-S  ESMR  (19.35  GHz) 
dau  (day;  Ta  $ 250  K.  night:  Ta  $ 240  K). 

and  the  Cooper  Creek  lowland  is  apparently  just 
oeginning  to  fill  with  water  The  shaded  area  around 
'vValgett  continues  to  shrink  on  24  January  while  the 
Lake  Bulloo  and  Lake  Yamma  Yamma-Cooper  Creek 
areas  continue  to  grow  and  intensify.  .Additional  rains 
on  25  and  26  January  (18  mm  at  VValgett).  produced 
little  change  in  the  30  January  map  of  the  Darling 
River  basin  except  for  the  movement  of  the  shaded 
area  to  the  southwest.  There  was  a substantial  in- 
crease in  the  shaded  area  for  the  lake  regions  where 
heavier  rains  had  fallen.  The  2 and  7 February  1974 
maps  show  the  continued  shrinkage  of  the  shaded 
area  in  the  Darling  River  basin  and  the  movement 
of  the  flooded  area  to  the  southwest.  The  leading  edge 
moved  from  70  km  to  approximately  30  km  north- 
west of  the  town  of  VVilcannia  during  this  interval,  or 
about  8 km  per  day.  In  each  case,  the  lowest  Ta  was 
210  K or  less,  indicating  at  least  50-60%  water  within 
the  field  of  view  of  the  ladiometer.  The  two  lakes  in 
the  northwestern  portion  of  this  analysis  have  become 
welt  defined  with  Ts  as  low  as  170  K.  indicated  by 
the  double  arrows  in  Figs.  8e  to  h.  Figure  9 is  a Land- 
sat  I (MSS-7)  image  of  the  same  area  on  6 February 
1974  when  waters  in  the  Barcoo  River  channels  over- 
flowed into  Lake  Yamma  Vamma  and  Coopers  Creek 
lowlands,  reaching  a maximum  width  of  60  km.  The 
flood  boundaries  are  readih  discernable  because  of 
large  diffi-rences  in  surface  reflectance  between  the 
dark  flooded  area  and  the  lighter  dry  uplands  (Robi- 
nove,  1978:  Short  et  al..  1976).  From  this  image,  the 
total  extent  of  the  flooded  area  is  estimated  to  be 
160  km  by  50  km.  which  is  in  reasonable  agreement 
with  the  area  within  the  ISO  K contour  line  m Fig.  8l 


Fic.  13.  Estimaced  total  flooded  surface  area  (km’)  for  the  si.x  regions  shown  in  Fig.  11.  in 
Eastern  Australia  from  January  to  March  1974  derived  from  Nimbus-5  ESMR  U9  35  GHz) 
data  (day:  T,  ^ 250  K.  night:  T,  $ 240  K). 


The  5 and  14  March  maps  (Fig  8g,  h)  indicate  the 
continued  movement  of  the  shaded  area  southwestward 
down  the  Darling  River,  with  the  lowering  of  T*  be- 
coming less  intense,  i.e  . the  minimum  is  now  about 
220  K.  Similarly  the  shaded  region  of  the  lakes  has  also 
shrunk. 

To  study  the  temporal  variation  of  Tg.  a hydrograph 
(Fig.  10)  for  the  Barwon  River  at  Walgett.  provided 
by  the  New  South  Wales  Water  Resources  Com- 
mission. was  compared  with  the  values  of  Ta  for  a 
50  km  by  50  km  area  around  the  town  of  Walgett. 
Generally,  the  low  Ta  values  relate  well  to  the  river 
gage  height  that  is  an  indicator  of  the  overbank  flow. 
In  particular,  the  peak  of  gage  height  occurs  on  17 
January,  slightly  prior  to  the  minimum  value  of 
Ta  * 184  K on  19  January  1974.  This  value  indicates 
that  80-90*0  of  this  50  by  50  km  area  was  flooded. 
The  subsequent  rise  of  Ta  corresponds  well  to  the 
decrease  in  gage  height. 

An  initial  attempt  was  made  to  measure  the  flooded 
area  from  the  .\imbus-5  ESMR  grid  print  maps  of 
brightness  temperatures.  Si.x  regions  that  were  covered 
by  Ta  $240  K (night)  and  $250  K (day)  were  nla- 
nimetered  (Fig.  11).  The  daily  integrated  changes  for 
area  6 along  the  Darling  River  basin  is  shown  in 
12.  Starting  at  zero  before  the  rains  of  9-11 
Januart',  it  reaches  a peak  on  10  Januarv-  that  prob- 
ably includes  a substantial  area  with  bare  wet  soils. 
By  15  January,  these  surface  soils  have  dried  out. 
the  area  reduces  to  a value  of  50  000-60  000  km’,  and 
the  area  continues  to  decrease  with  the  exception  of 
sharp  spikes  resulting  from  rains  in  late  January  and 


mid-February  1974.  Recall  that  the  shaded  areas 
contained  at  least  2O-30F^  standing  water;  therefore, 
the  actual  flooded  area  will  be  somewhat  less  than  that 
indicated  in  Fig.  12.  Fig.  13  shows  the  daily  inte- 
grated flooded  area  changes  for  all  areas  1-6.  One 
major  flood  peak  occurred  on  30  January  1974.  while 
minor  peaks  occurred  on  10  and  18  January.  20  Feb- 
ruary, and  11  .March  1974.  Color  pictures  of  the  near- 
flood  area  ma.ximum  on  1 February  and  near-minimum 
on  11  March  1974  are  shown  on  the  cover.  .A  more 
complete  description  of  the  wet  season  flooding  in  the 
South  Carpentaria  Plains  (.Area  2)  may  be  found  in 
a paper  by  Simpson  and  Doutch  (1977). 

4.  Conclusions 

The  passive  microwave  brightness  temperature  ob- 
servations of  the  Nimbus-5  ESMR  were  used  to 
detect  and  monitor  the  development  of  flooded  areas 
in  the  Darling  River  basin  of  New  South  Wales. 
.Australia.  This  capacity  was  based  on  the  observa- 
tion of  areas  of  nersistent  lowered  values  of  Ta-  which 
were  attnbuted  to  the  presence  of  flooded  areas  or 
standing  water  within  the  ES.MR  field  of  view.  In 
the  Darling  River  basin,  the  temporal  variation  of 
both  size  and  location  was  monitored  through  the 
first  quarter  of  1974.  The  area  with  substantial  flooding 
varied  in  size  from  appro.ximately  60  000  km’  im- 
mediately following  the  heavy  rains  in  mid-January 
to  about  10  000  km’  in  late  March  1974.  Its  center 
moved  approximately  600  km  from  the  town  of 
V\'algett  to  halfway  between  the  town  of  Wilcannia 
and  Menindee.  and  it  changed  in  shape  from  roughly 
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circular  to  oblong  as  it  moved  downstream.  The 
motion  is  believed  to  be  that  of  the  flood  waters  since 
there  were  no  anomalously  large  rains  over  the  doun- 
stream  portion  of  the  basin  following  the  heavy  rains 
early  in  January  1974. 

These  results  indicate  that  microwave  brightness 
temperature  observations  are  another  tool  for  moni- 
toring surface  water.  This  satellite  capability  will  be 
considerably  enhanced  when  improved  spatial  resolu- 
tion becomes  available  in  the  future.  Longer  wave- 
length sensors  will  also  provide  greater  sensitivity  to 
soil  moisture  and  standing  water  with  less  sensitivity 
to  vegetation  cu\  er. 
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ABSTRACT:  The  use  of  satellites  for  the  remote  sensing  ol  the  earth  and  its  a'mosphere 
is  reriewed.  Meteorological  satellites  have  been  in  use  since  1%0.  The  polar  orbiting 
satellites  at  850  to  1500  km  make  12  to  14  orbits  daily  with  nearly  full  earth  coverage. 
The  geosynchronous  satellites  at  36  000  km  remain  approximately  fi.xed  in  space 
relative  to  the  earth  and  view  the  same  area  continuously. 

Cameras  obtaining  earth  images  in  the  visible  detect  clouds  and  monitor  storm 
systems.  Infrared  radiometers  measure  temperatures  of  the  surface  or  cloud  tops  and 
also  determine  amounts  of  ozone  acd  water  vapor  in  the  atmosphere.  Radiometers 
lensithre  to  different  spectral  regions  in  absorption  bands  (such  as  carbon  dioxide 
(CO]|  at  IS  and  4.3  ptn)  ".re  used  to  determine  atmospheric  vertical  temperature 
profiles. 

The  earth's  radiation  budget  is  determined  from  satellite  measurements  of  the 
reflected  solar  radiation  and  the  emitted  longwave  terrestnal  radiation. 

Atmospheric  winds  are  obtained  by  doud  tracking  from  geosynchronous  satellites.  A 
ma}or  problem  is  height  determination.  Infrared  "window  " measurements  of  the 
brightness  temperature  from  clouds  provide  some  intonnation  on  cloud  top  heights, 
but  doud  emisisivity  and  sensor  resolution  are  still  sources  of  error. 

Microwave  imagery  has  been  used  to  determine  rainfall  miensities  over  the  ocean, 
snow,  and  ice  cover  and  tiood  mapping  through  clouds.  It  has  also  been  possible  to 
distinguish  between  first  and  multiyear  ice.  Thete  is  a potential  capability  tor  measunng 
soil  moisture  using  long-wavelength  (21  cm)  radiometers.  Landsat  visual  and  near- 
infrarrd  measurements  also  allow  flood  monitoring  and  observations  of  crop  growth. 

The  Nimbus  4 Backscaner  Ultraviolet  (BUV)  instrument  has  provided  seven  years 
of  measurements  from  which  total  ozone  and  venical  ozone  distnbution  can  be 
determined. 

Future  missions  include  TIROS  N satellites  with  improved  capabilities  for  measuring 
sea  surface  temperatures,  mapping  snow  and  ice  fields,  monitonng  global  ozone,  and 
cononued  measurements  of  the  earth's  radiation  budget.  SEASAT  A wul  be  devoted 
to  oceanographic  measurements. 

Nimbus  G sensors  will  observe  certain  aimosphenc  polluiams.  oceanic  parameters, 
and  weather  and  climate  variables.  The  Shuttle,  in  addition  to  sening  as  a launch 
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vehicle  for  free  flying  utellites,  will  nuke  periodic  calibration  checks  of  instruments 
on  the  free  flyers  and  provide  facilities  for  developing,  testing,  and  demonstrating  new 
remote  sensors. 

KEY  WORDSi  satellite  meteorology,  remote  sensing  theory,  satellite  instruments, 
meteorology,  operational  satellite  data,  first  CARP  global  experiment,  environmental 
satellite  programs,  climate  program,  ozone 

Inuiging  systems  that  respond  to  electromagnetic  radiation  (EMR)  within 
the  spectral  response  range  of  the  human  eye  have  had  a long  and  productive 
history  of  development  since  Daguerre  and  Niepce  reported  on  their  first 
photographs  in  1839.  Aerial  photography  was  utilized  as  early  as  1920  by 
petroleum  geologists  and  was  used  in  1944  for  mineral  exploration.  Today, 
aerial  and  satellite  color  photography  is  used  in  almost  all  the  earth  sciences, 
including  geology,  soils,  forestry,  agriculture,  hydrology,  geography,  and 
range  and  wildlife  management.  The  existence  of  EMR  adjacent  to  the 
blue-violet  region  of  the  visible  spectrum  was  demonstrated  by  J.  W.  Ritter 
in  1801 , by  showing  that  this  invisible  EMR  was  even  more  effective  than 
visible  light  in  blackening  silver  chloride.  The  existence  of  the  infrared  (IR) 
spectral  region  was  demonstrated  as  early  as  1800  by  Sir  Frederick  Herschel, 
and  initial  work  in  IR  observations  of  celestial  bodies  was  done  by  S.  P. 
Langley  in  the  late  1800s. 

Although  the  existence  of  these  regions  of  the  EMR  spectrum  beyond  the 
range  of  human  vision  and  photographic  sensitivity  has  been  known  to  the 
scientific  world  for  over  170  years,  nearly  ail  useful  applications  have  taken 
place  over  only  the  past  40  years.  The  term  “remote  sensing”  has  become  a 
commonly  accepted  term  and  is  used  in  the  present  context  to  refer  to  the 
whole  realm  of  possibilities  afforded  by  the  entire  EMR  spectrum  for  ob- 
servations of  the  earth's  surface  and  atmosphere  from  satellites.  As  sunlight 
filters  down  from  the  top  of  the  atmosphere,  it  interacts  with  ail  particles 
in  any  thin  slab  of  the  atmosphere— atomic,  molecular,  and  larger— and 
each  slab  scatters  and  absorbs  radiation  (as  does  the  surface,  that  is,  the 
lower  boundary  of  the  atmosphere).  All  photons  scattered  in  the  direction 
of  the  satellite  from  all  intervening  slabs  of  the  atmosphere  (as  well  as  the 
surface)  have  the  same  energy  as  the  incident  photons.  The  solar  energy 
absorbed  throughout  the  atmosphere  (and  by  the  surface)  is  ultimately 
reemitted  at  different  wavelengths  so  that  atmospheric  interactions  through- 
out the  EMR  spectrum  are  important  to  remote  sensing. 

Any  physical  interaction  between  the  radiation  field  and  the  atmosphere 
offers  a potential  means  for  probing  that  part  of  the  environment  involved 
in  the  interaction.  It  is  only  necessary  to  find  interactions  that  are  strong 
enough  to  be  observable,  sensitive  enough  to  allow  deteaion  of  variations, 
and  isolated  enough  from  other  interactions  to  permit  unambiguous  inter- 
pretations. 

In  the  following  section,  the  basis  for  remote  sensing  will  be  outlined,  in 
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the  ^uel,  the  evolution  of  remote  sensors  will  be  illustrated  along  with 
examples  of  practical  applications  and  a prospectus  of  future  develop- 
ments. Many  volumes  already  e.xist  on  single  topics  covered  here,  so  that 
completeness  has  been  curtailed  in  the  interest  of  presenting  a broad 
overview. 


Basis  of  Remote  Sensing 

The  prime  source  of  energy  that  produces  and  maintains  the  atmospheric 
motions  and  .he  spatial  and  temporal  variations  of  weather  is  the  solar 
radiation  intercepted  by  the  earth.  The  rate  at  which  this  energy  is  received 
at  the  eanh's  distance  from  the  sun  is  nearly  1400  w-m^  but.  on  the 
average,  approximately  30  percent  of  this  is  refleaed  back  to  space  by  the 
cloud  surfaces,  the  dear  atmosphere,  the  dust  and  ice  crystals  suspended 
in  the  atmosphere,  and  by  the  earth's  surface.  Figure  I illustrates  sche- 
matically how  the  tlux  from  the  sun  can  arrive  at  an  Earth-viewing  satellite 
detector.  The  radiation  may  have  been  scattered,  .eflected.  absorbed,  and 
re-emined  several  times,  and  each  time  in  a way  that  is  charactenstic  of 
the  composition,  temperature,  and  pressure  of  the  atmospheric  gases  and 
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the  physical  properties  of  the  various  scatterers.  A more  complete  descriptir 
of  light  scattering  in  planetary  atmospheres  is  given  elsewhere  [i].  ^ 

Figure  2 shows  the  extent  of  the  EMR  spectrum  and  indicates  the  kinds 
of  physical  processes  involved  at  different  wavelengths,  along  with  the 
names  associated  with  the  various  intervals.  Generic  types  of  instrumentation 
commonly  associated  with  these  intervals  are  also  indicated. 

Figure  3 shows  the  spectral  characteristics  of  sunlight.  The  upper  solid 
curve  is  for  above  the  earth's  atmosphere  where  the  maximum  occurs  at 
a wavelength  of  about  0.47  >im.  About  20  percent  of  the  total  energy  is  in 
the  region  below  0.47  pim;  44  percent  is  in  the  visible  band  between  0.4 
and  0.76  /xm,  and  99  percent  is  at  the  so-called  short  wavelengths  between 
O.lS  and  4.0  nm.  The  lower  solid  curve  is  typical  of  sunlight  for  cloud-free 
areas  at  the  surface,  so  that  the  difference  represents  that  which  is  scattered 
or  absorbed.  The  atmosphere  is  essentially  transparent  in  the  visible  and 
near-infrared  portions  of  the  spectrum,  and  these  bands  of  least  (but  not 
insignificant)  attenuation  are  called  "windows.”  The  windows  of  importance 
to  remote  sensing  are  shown  in  Table  1.  Atmospheric  absorption  at  wave- 
lengths below  0.3  Min  is  so  intense  that  little  energy  reaches  the  surface.  The 
lower  solid  curve  of  Fig.  3 is  typical  of  the  diffuse  shortwave  radiation  that 
reaches  the  sun'ace  after  absorption  by  the  indicated  atmospheric  gases 
with  the  remainder  being  scattered  by  water  vapor,  dust,  and  other  at- 
mospheric molecules. 

Figure  4 is  an  expansion  of  Fig.  3 with  the  addition  of  typical  thermal 
inffated  radiation  emitted  from  r,ie  surface.  In  this  band,  from  about 
4 to  20  Mm,  strong  absorption  bands  occur  that  are  caused  by  vibrational- 
rotationai  changes  due  to  water  vapor  and  carbon  dioxide.  These  absorption 
bands  break  up  both  the  near- infrared  and  thermal  infrared  regions  into 
a series  of  windows  of  modest  transparency  interspersed  with  regions 
.'buttered  by  absorption.  Figure  5 shows  the  transmittance  of  the  atmosphere 
within  this  band  and  iilustratetr  the  complex  and  pervasive  nature  of  the 
EMR  spectrum  that  must  be  dealt  with  in  remote  sensing  [2]. 

At  wavelengths  larger  than  22  Min.  a whole  set  of  rotational  transitions 
due  to  water  vapor  out  to  1 mm  and  beyond,  effeaively  close  the  long-wave- 
length infrared  and,  1-mm  regions  to  remote  sensing.  No  important  molec- 
ular transitions  occur  for  wavelengths  longer  than  a few  centimetres. 

Figure  6 shows  a funher  expansion  to  include  the  microwave  region 
where  the  indicated  atmospheric  absorption  bands  are  between  the  windows, 
as  given  in  Table  1,  while  the  rest  is  very  transparent.  The  effeas  of  clouds 
are  relatively  minor  over  most  of  the  microwave  region,  but  for  measure- 
ments such  as  the  sea  surface  temperature,  their  effects  must  be  taken  into 
account.  Rainfall  interacts  with  EMR  in  ways  that  are  strongly  dependent 
on  wavelength  and  drop-size  in  the  1 to  10-cm  region.  Only  the  most  intense 

^Th«  Italic  numbm  in  brackets  cet'er  lo  the  list  oi  references  appended  co  this  paper. 
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Wavelength  ( ym) 


FIG  i—Sptctral  irradiancr  {HX)  of  direct  sunlight  before  and  after  it  passes  through  the 
earth  s atmosphere  The  stippled  portion  gives  the  atmospheric  absorption  the  sun  is  at 
zenith  (<)11, 


TABLE  1 — Major  atmospheric  windows  available  for  spacecraft 
Remote  Sensing  (901. 


Ultraviolet  and  visible  utn 

0.30  to  0.75 
0.7"  to  0.91 

N««r  >nfr»re<J.  utts 

1 0 to  1.12 
1.19  to  1 34 
1.55  to  l.’S 
2.05  to  2.4 

Mid-mfrared.  uin 

3.5  to  4 16 
4 5 to  5 0 

Thermal  infrared. 

8 0 to  9 2 
10.2  to  12.4 
17  0 to  22.0 

2. 06  to  2.22 
3.0  to  3 "5 
' 5 to  11  5 
20  0 - 


Microwive.  inm 
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rainfall  can  be  detected  by  microwave  at  wavelengths  beyond  10  cm  because 
rain  echoes  are  proportional  to  the  inverse  fourth  power  of  the  wavelength. 


Evolution  of  Environmenul  Satellite  Instrumentation 

The  development  of  the  first  meteorological  satellite  was  a final  result 
of  man’s  determination  to  increase  his  perspective  of  the  world  in  which 
he  lives.  An  early  experiment  in  satellite  meteorology  began  in  1959  with 
the  U.S.  launching  of  the  Vanguard  2 and  Explorer  6 and  7.  The  first  two 
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FIG.  S—Mnuurtd  trantmittaneri  through  tht  aimosphert  for  iht  S to  rtgion  [2|. 

spacecraft  were  equipped  with  two  photocells  and  primitive  television 
scanning  devices,  respectively,  which  were  designed  to  observe  large-scale 
cloud  patterns.  Explorer  7 was  fitted  with  a low  resolution,  omnidireaional 
radiometer  to  measure  incoming  reflected  solar  radiation  and  outgoing 
thermal  radiation  emined  by  the  earth’s  atmospheric  system,  in  order  to 
determine  the  hei^t  budget.  These  early  flights,  while  not  entirely  successful, 
provided  U.S.  scientists  with  valuable  in-house  experience  and  encouraged 
the  development  of  the  first  experimental  spin-stabilized  TIROS  satellite 
[J).  Figure  7 shows  an  artist’s  conception  of  the  wide  variety  of  U.S  meteoro- 
logical satellites  which  were  launched  into  polar  and  geostationary  orbits 
from  1960  to  1976. 

Polar-orbiting  environmental  satellites  circle  the  earth  at  altitudes  which 
vary  from  650  to  1500  km.  Near- to- global  data  are  recorded  by  tape  recorder 
from  12  to  14  daily  orbits,  with  each  orbit  being  90  to  110  min  in  duration 
By  command,  ground  stations  recewc  the  dau  and  funher  process  it  for 
interested  user  agencies.  Satellites  in  this  category  are  the  TIROS,  EGSA, 
ITOS,  NOAA,  NIMBUS,  and  LANDSAT  series.  With  successive  launches, 
it  became  increasingly  apparent  that  the  polar  orbiter  had  a aistina  ad- 
vantage or  many  users  by  repetitively  viewing  large  areas  with  high,  medium, 
and  low  resolution  sensors  under  si  . lar  solar  illumination  and  orbital 
operating  conditions. 

Geostationary  satellites  were  positioned  into  orbits  approximately  36  000 
km  above  the  equator  at  predetermined  longitudes.  Since  the  satellite  has 
a period  equal  to  the  sideral  rotation  of  the  earth  (23  h,  56  min),  it  remained 
fixed  in  space  relative  to  the  earth,  and  thus  observed  the  same  area  con- 
tinuously with  visible  and  later  infrared  instruments.  Satellites  in  this 
category  are  the  ATS  and  SMS/ GOES  series.  Table  2 lists  in  chronological 
order,  tiie  basic  scientific- instrumental  accomplishments  of  the  U.S.  en- 
vironmental satellite  program  from  1960  to  1976. 
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In  the  subsequent  sections,  the  development  of  three  major  instrument 
classifications,  that  is,  cameras,  scanners,  and  atmospheric  sounders  »ill 
be  discussed  briefly. 


Cameras 

The  evolution  of  meteorological  satellite  cameras  is  shown  in  Fig.  8. 
TIROS  1,  2,  3,  4,  and  7 carried  shuttered  television  cameras.  The  photo- 
sensitive vidicon  tube  face,  1.27  cm  in  diameter,  which  viewed  ihe  earth 
scene  below  was  internally  scanned  (500  times  per  image)  and  converted 
to  a recorded  analog  signal  which  was  later  transmitted  to  the  earth  upon 
command. 

An  example  of  early  TIROS  1 television  piaures  is  shown  in  Fig.  9 (4]. 
The  Advanced  Vidicon  Camera  System  (AVCS)  and  the  Automatic  Picture 
Transmission  system  (APT)  were  tested  on  the  Nimbus  I and  2 satellites.  The 
3-caraera  .WCS  was  intended  to  provide  fairly  high  resolution  cloud  cover— 
800  TV  lines,  926  m (0.5  nautical  miles  [NMD — over  the  full  earth  and  was 
later  flown  on  ESSA,  ITOS.  and  NOAA  operational  satellites.  A more 
complete  description  of  the  degradation  and  other  limitations  of  the  vidicon 
tube  is  given  by  Schwalb  and  Gross  (5j.  The  Nimbus  1 and  2 APT  cameras 
used  special  locg-storage  vidicon  tubes  whose  dielectric  surfaces  were 
capable  of  holding  the  earth  image  for  the  required  200  s,  slow-scan  read- 
out period.  The  APT  vidicon  system  (800  TV  lines.  3704-m  [2-NM]  reso- 
lution) was  designed  for  medium  resolution  cloud  cover  imaging  for  direct 
readout,  and  was  flown  on  ESSA,  ITOS,  and  NOAA  satellites.  The  APT 
data  from  three  successive  orbits  covers  3445  km  (I860  NM)  and  is  re- 
ceived daily  by  600  to  800  ground  stations,  including  78  stations  in  43 
foreign  countries  16]. 

The  Image  Dissector  Camera  (IDCS),  an  electrically  scanning  photo- 
cathode, wa-  flown  on  ATS  1 and  3.  Nimbus  3 and  4,  and  the  ESSA-NOAA 
series,  and  had  a higher  dynamic  range  (1300  TV  lines)  than  the  AVCS 
system.  But  due  to  its  complexity,  the  IDCS  was  replaced  by  the  simpler 
Spin  Scan  Goud  Cover  Camera  on  the  geostationary  ATS  satellites 

Scanners 

The  evolution  of  meteorological  satellite  scanner  is  shown  in  rig.  10.  The 
Medium  Resolution  Infrared  Radiometer  (MRIR)  was  the  first  5-chann.el 
scanning  radiometer  to  be  flown  on  the  TIROS-Nimbus  series.  It  recorded 
the  visible  and  infrared  radiation  emined  and  refleaed  back  from  the 
eanh.  clouds  and  oceans  with  a ground  resolution  of  64  km  (35  NM).  For 
the  firs  time,  estimates  on  a quasi-global  scale  were  made  of  cloud  heights, 
sea  surface  and  ground  temperatures,  and  radiation  budget.  This  instru- 
ment, which  suffered  from  a lack  of  inflight  calibration,  was  the  forerunner 
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TABLE  2—Baiic  Kitniific-instnimtnial  Mcomplishmnts  of  tht  Umtni  Stotts  titvirntmtittal 


settUitt  profram  from  l%0  to  I97S. 

Saullite 

Launch 

Ceased 

Operation 

Remarks 

TIROS  1 

04/01/60 

06/1S/60 

First  cloud  cover  imaging  in  the  visible 

TIROS  2 

» 1/23/60 

02/07/61 

(Vidicon). 

First  multispectral  imaging  in  the 

TIROS  3 

07/12/61 

10/30/61 

visible  and  infrared. 

TIROS  4 

02/0B/62 

06/12/62 

TIROS  5 

06/19/62 

05/05/ 63 

TIROS  6 

09/18/62 

10/11/63 

TIROS  7 

06/19/63 

02/03/66 

TIROS  8 

12/21/63 

01/22/66 

First  Automatic  Picture  Transmission 

Nimbus  1 

08/28/64 

09/23/64 

iAPT). 

Carried  Advanced  Vidicon  Camera 

TIROS  9 

01/22/65 

02/15/67 

System  (AVCS).  APT.  and  High 
Resolution  Infrared  Radiometer 
(HRIR)  for  night  coverage. 

First  TIROS  satellite  in  sun-syn- 

TIROS 10 

07/01/65 

07/31/66 

chronous  orbit. 

ESSA  1 

02/03/66 

05-08/67 

First  operational  weather  satellite; 

ESSA2 

02/28/66 

10/16/70 

carried  2 wide-angle  TV  cameras, 
earned  APT  cameras;  APT  carried 

Nimbus  2 

05/15/66 

11/15/66 

on  all  even-numbered  ESSA  satellites. 
First  direa-readout  of  HRIR.  Camed 

ESSA  3 

10/02/66 

10/19/68 

Medium  Resolution  Infrared  Radio- 
meter (MRIR). 

earned  first  opetational  AVCS  cam- 

ATS 1 

12/06/66 

10/16/72 

eras;  AVCS  camed  on  all  odd- 
numbered  ESSA  satellites. 

'■  7-.ed  first  Spin  Scan  Cloud  Camera 

ESSA  4 

01/26/67 

06/ 19/67 

tSSCC).  continuously  imaging  in 
visible. 

ESSA  5 

04/20/67 

02. 20/70 

ATS  3 

11/05/67 

10/30/75 

Carried  first  Multicolor  Spin  Scan 

ESSA  6 

11/10/67 

11/04/69 

Cloud  Camera  (MSSCCl. 

ESSA  7 

08/16/68 

07. 19/69 

ESSA  8 

12/13/68 

03/ 12/76 

ESSA  9 

02.  26/69 

11/29/73 

Nimbus  3 

04/14/69 

09/25/'0 

First  vertical  sounding  of  the  atmos- 

ITOS 1 ■ 

01/23/70 

06.  17/71 

phere  ISIRS.  IRIS)  data  collection 
and  location  (IRLS).  and  solar  t'V 
monitoring  (MUSE).  Also  camed 
MRlR. 

Second  generation  operational  proto- 

Nimbus 4 

04/08/70 

10/17  77 

type  (Improved  TIROS  Operational 
Satellite). 

First  vertical  sounding  to  60  km  ISCR) 

NOAA  1 

12.  11/ 'C 

08.  19-'1 

and  ozone  sounding  globally  (BLV). 
First  NOAA-funded.  second-generation 

operational  satellite. 
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TABLE  2 — Continued 


LaadMt  1 

07/23/72 

First  Earth  resources  technology  sat- 
ellite. MSS  failed  03/ 04/ 77. 

NOAA  2 

IO/lS/72 

01/30/75 

Ftrst  operational  satellite  to  carry 
visible  and  IR  Scanning  Radiometer 
(SR)  and  Vertical  Temperature  Pro- 
file Radiometer  (VTPR). 

Nimbus  5 

12/12/72 

06/02/75 

First  passive  microwave  sounder 
(NEMS)  and  imager  (ESMR)  flown. 

NOAA  J 

ll/Ob/73 

08/31/76 

First  operational  satellite  to  permit 
direct  broadcast  of  VTPR  data. 

SMS  1 

05/ 17/74 

01/08/76  (Standby) 

First  Synchronous  Meteorological 
Satellite  (COES  prototype).  Carried 
visible  and  IR  imaging  radiometer. 

ATS  6 

05/30/74 

• 

First  three-axis-stabilized  geostationary 
sataUke.  (Infrared  and  visible 
scanner  failed  on  08/ 15/74). 

NOAA  4 

11/15/74 

. - . 

Landsac  2 

01/22/75 

09  16/76 

SMS  2 

02/06/ 75 

04/  04/78  (Standby) 

Second  operational  geostationary 
SMS/'GOES  prototype. 

Nimbus  6 

06/12/75 

09/01/76 

First  sounder  including  4.3-um  CO: 
band  flown  (HIRS).  First  measure- 
ment of  Earth  radiation  budget  at 
synoptic,  planetary  scales  (ERB). 

GOES  1 

10/16/75 

First  Geostationary  Operatkmal  En- 
vironmental Satellite,  (reactivated 
04/04/78). 

NOAAS 

07/29/76 

SR  tailed  03'  15.  78. 

Landsat  3 

03/05/  78 

of  several  scanners;  the  High  Resolution  Infrared  Radiometer  (HRIR)  (9|, 
the  Temperature-Humidity  Infrared  Radiometer  (THIR)  on  the  Nimbus 
series,  the  operational  Scanning  Radiometer  (SR)  and  the  Very  High 
Resolution  Radiometer  (VHRR)  on  the  NOAA  series,  the  Very  High  Reso- 
lution Radiometer  (VHR)  on  the  Defense  Meteorological  Satellite  Program 
(DMSP),  and  the  Advanced  Very  High  Resolution  Radiometer  (AVHRR) 
on  the  planned  TIROS-N  series  (1978). 

A typical  scan  sequence  of  the  two-channel  THIR  on  Nimbus  5 is  shown 
in  Fig,  11.  the  two  deteaors  (11  and  6.7  fim,  8 and  23-km  ground  resolution 
at  nadir,  respectively)  simultaneously  view  the  spacecraft  housing,  A at 
zenith  (zero  seconds).  Seven  synchronous  pulses  start  at  C.  followed  by 
six  1-V  calibration  steps.  A space  scan  stans  between  D and  G.  followed 
by  an  earth  scan  (117  deg  wide)  to  I,  a space  scan  to  K,  a housing  scan  to 
M,  and  then  back  to  zenith.  The  entire  sequence  lasts  1.23  s.  The  space 
and  housing  scan  serve  as  part  of  the  in-flight  calibration  check.  Note  the 
small  noise  ripple  on  the  housing  and  space  scans  [10\.  The  noise  equivalent 
^ temperature  for  the  11 -^m  channel  is  appro.ximately  1.5  K at  185  K 
and  0.28  K at  300  K.  Corrections  of  1 (dry  desert  areas)  to  10  K (moist 
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tropics),  must  be  added  to  equivalent  blackbody  temperatures  of  the  earth's 
surface  and  clouds  for  losses  due  to  atmospheric  water  vapor.  An  example 
of  SR  imagery  is  shown  in  Fig.  12.  which  depias  the  development  of  a 
Pacific  storm  as  recorded  by  the  visible  channel  of  NOAA-2  from  12  to  14 
.March  1974  at  approximately  2200  to  2300  GMT.  Figure  13  shows  a 
global  montage  of  nighttime  infrared  data  from  NOAA-2  SR  for  25  to  2b 
Aug.  19‘*4.  The  locations  of  several  eastern  and  western  Pacific  typhoons. 
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the  Asian  monsoon  cloudiness  and  the  iniertropical  zone  of  convergence 
over  Central  Africa  are  indicated. 

The  ATS'l  and  -3  (Fig.  10)  were  equipped  with  a Spin  Scan  Cloud  Cover 
Camera  (SSCC)  that  provided  full  disk  (daytime  only)  pictures  of  the 
earth's  cloud  cover  on  a 20-min  basis.  Film  loops  of  these  early  pictures 
were  used  to  provide  winds  daily  at  two  levels  over  the  Atlantic  and  Pacific 
Oceans.  The  SSCC  and  the  Multicolor  Spin  Scan  Cloud  Cover  Camera  (MS 
SCO  on  ATS-3  (//]  were  the  forerunners  of  the  operational  Visible  and 
lafrared  Spin  Scan  Radiometer  (VISSR)  flown  on  SMS-1  (1974),  SMS-2 
(1975),  and  GOES  (1975),  and  the  Geosynchronous  Very  High  Resolution 
Radiometer  (GVHRR)  on  ATS-6  (1974).  The  laner  two  instruments  per- 
mitted the  f.rst  continuous  day  and  night  full  disk  cloud  observation. 

The  ^ISSR  scans  from  west  to  east,  due  to  spacecraft  rotation,  with  eight 
identical  visible  and  two  redundant  infrared  channels.  The  ground  resolution 
at  nadir  of  the  visible  (O.SS  to  0.70  (imj  and  infrared  (10.5  to  12.6  ntn) 
channels  are  0.8  and  8 km  (0.43  and  4.3  NM),  respe«ively.  The  SMS-  GOES 
rotates  at  100  rpm;  the  VISSR  scan  mirror  views  the  eanh  for  one  twentieth 
of  each  360  deg  rotation  The  radiometer  scans  from  nonh  to  south  in 
18.2  min  and  1821  successive  scan  steps.  Adding  to  this  the  time  needed 
for  ground  data  acquisition  and  processing,  the  final  VI^SR  piaure  is 
available  to  usen  every  30  min.  The  satellite  can  also  be  programmed  to 
scan  in  a limited  mode  for  research  and  development  studies  over  severe 
storm  areas  [I2.I3\.  Figure  14  shows  an  example  of  a SMS-1  visible,  full- 
disk  picture  with  a sector  of  the  United  States  and  Hurricane  Amy  off 
iu  ast  coast  on  30  June  1975  ( 1852-m  resolution). 

Atmospheric  Sounders 

The  theoretical  basis  for  the  determination  of  the  vertical  profile  of 
temperature  in  the  atmosphere  was  suggested  by  Kaplan  |/4).  Basically,  the 
concept  utilizes  measurements  by  a radiometer  with  channels  sensitive 
to  different  spectral  regions  in  and  near  an  absorption  band  (CO:,  dioxide 
[O'],  and  water  |H;0|)  such  that  the  weighting  functions  peak  in  different 
parts  of  the  atmosphere.  The  measured  radiances  are  then  “invened" 
mathematically  in  order  to  derive  the  temperature  structure  of  the  atmos- 
phere. However,  there  is  no  unique  solution  to  the  problem.  For  this  reason 
it  is  necessary  to  stan  with  a "first  guess"  vertical  temperature  profile  which 
isobtained  either  from  a forecast  or  climatological  profile.  Vanous  techniques, 
such  as  inverse  matrices,  regression  methods,  and  iteration,  are  used  to 
obtain  a solution.  The  procedure  generally  involves  knowledge  of  the  trans- 
mission functions  of  the  different  channels.  The  transmission  functions  are 
derived  bv  matching  theoretical  absorption-based  models  with  experimental 
measurements  of  absorption  and  then  applying  the  models  to  the  atmos- 
phere. Errors  arise  due  to  imperfect  models  and  to  extrapolation  from 
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experimental  measurements  to  different  atmospheric  pressures  and  tem- 
peratures. In  some  cases  the  transmission  functions  have  been  modified 
empirically  by  comparing  measur^'^  radiances  with  computed  radiances 
[/5j.  Given  the  transmission  funaions.  the  measured  radiances  are  compared 
with  radiances  computed  from  the  first  guess  profile,  which  are  then  mod- 
ified by  iteration  until  minimum  differences  between  computed  and  measured 
radiances  are  obtained. 

The  evolution  of  atmosphenc  sounders  is  illustrated  in  Fig.  15.  A Medium 
Resolution  Infrared  Radiometer  (MRIR)  was  onginally  flown  on  Nimbus 
2 (1966).  It  contained  a 14  to  16-Mm  (carbon  dioxide)  radiometer  which 
essentially  measured  stratospheric  temperatures.  Nimbus  J carried  a Satellite 
Infrared  Spectrometer  (SIRS)  and  an  Infrared  Interferometer  Spectrometer 
(IRIS),  both  of  which  provided  data  allowing  the  first  temperature  soundings 
to  be  derived.  Nimbus  4 earned  improved  versions  of  these  instruments. 

Another  version  of  a sounder,  the  Infrared  Temperature  Profile  Radio- 
meter (ITPR)  was  flown  on  Nimbus  j.  It  had  four  channels  in  the  CO : band 
between  13  and  15  /im.  one  channel  near  20  nm  for  sensing  atmospheric 
moisture  and  two  '‘window’*  channels  at  11  and  3.7  ^tn.  The  window 
channel  measures  the  surface  temperature  minus  a correction  for  atmospheric 
moisture.  The  purpose  of  the  two  window  channels  was  to  detea  clouds. 
The  3.7-pim  channel  is  much  more  sensitive  to  warmer  temperatures  than 
the  M-^m  channel.  Hence,  if  partial  cloud  cover  is  in  the  field  of  view,  the 
3.7-^m  channel  will  measure  a higher  brightness  temperature  than  the 
ll‘um  channel. 

A recent  improved  infrared  sounder  flown  on  Nimbus  6 was  the  High 
Resolution  Infrared  Radiation  Sounder  (HIRS)  which  contained  7 channels 
in  the  15-jim  CO*  band,  four  ch'nnels  in  the  4.3-um  CO*  band  (also 
sensitive  to  nitrous  oxide  (.N,*Oj).  two  water  vapor  channels  at  6.7  and 
8.2-Mm,  and  two  window  channels  3.7  and  11  miti.  The  spatial  resolution 
of  HIRS  was  about  25  km. 

.Nimbus  5 also  earned  a nadir-viewmg  .Vlicrowave  Spearometer  (NE.MS) 
which  contained  3 channels  in  the  5-mm  0*  band,  and  two  channels  near 
1 cm  which  are  sensitive  to  water  vapor  and  clouds  over  the  ocean  and  to 
temperature  and  emissivity  over  land.  .Nimbus  6 contained  a scanning 
version,  the  Scanning  .Microwave  Spectrometer  (SCAMS)  which  provides 
nearly  full  earth  coverage  every  12  h.  The  weighting  funnions  m the  5-mm 
O*  band  peaked  near  20  000  and  50  000  .Nm  *-  (200  and  500  mbar)  and 
near  the  surface  The  advantage  of  the  microwave  spectrometer  is  its  ability 
to  sound  tne  atmosphenc  temperature  profile  through  clouds.  The  com- 
binations of  NEMS.  ITPR.  SCAMS,  and  HIRS  provide  improved  sounding 
capabilities  as  compared  to  the  infrared  sounders  alone. 

.Nimbus  4 and  5 also  contained  the  Selective  Chopper  Radiometer  (SCR.‘ 
with  eight  spectral  channels  in  the  15-»im  CO:  band  for  measunng  tem- 
perature profi'es  up  to  50  km.  .An  advanced  version,  the  Pressure  .Modulator 
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Radiumeier  (PMR)  was  flown  on  t^imbus  6.  SCR  and  PMR  have  provided 
some  str.'tospheric  temperature  profiles  on  a research  basis. 

Figure  16  {.-ight)  shows  the  weighting  functions  of  the  HIRS  and  SCAMS, 
and  {left}  the  avenge  temperature  difference  between  soundings  derived 
from  H1R5  and  raobs  at  30  to  6'^  deg  N.  It  can  be  seen  that  the  combi* 
nation  of  the  15  and  4.3-fim  channels  provides  smaller  temperature 
differences  than  the  IS  or  ^.3>.n  channels  alone.  Between  80  000  and 
30  000  Nm~^  (800  and  300  mbar)  the  root  mean  square  temperature  dif- 
ferences are  between  1.5  and  2®C.  Differences  are  greater  near  the  surface 
(about  2.5°C)  and  near  the  tropopause  (3.5°C).  I*  should  be  pointed  out 
that  raobs  are  not  necessarily  ground  truth  since  two  raobs  obtained  at  the 
ume  site  and  time  often  have  temperature  differences  of  1 to  2®C.  Hence, 
in  the  range  between  80  (XX)  and  30  000  Nm"*  (800  to  300  mbar).  the 
HIRS  soundings  may  be  considered  as  good  as  raobs.  A very  good  agree- 
ment between  HIRS  derived  temperature  profile  and  raob  was  obtained  on 
29  June  19T5  (Fig.  17).  The  invernon  between  90  000  and  70  000  Nm"^ 
(900  and  700  mbar)  was  not  detected  by  HIRS  but  all  other  features  agree 
well.  The  importance  of  the  4.3*;i.'n  CO  "Channels  for  low  level  temperature 
determination  is  evident  since  without  those  channels  the  denved  tem- 
peratures differed  by  as  much  as  10  K from  the  raob  temperatures.  F'gure 
18  shows  a companson  of  water  vapor  profiles  derived  from  HIRS  and 
raobs.  Since  there  were  only  two  water  vapor  channels,  the  shape  of  the 
profile  had  to  be  assumed  for  the  HIRS  denvation.  However,  the  results 
showed  good  agreement  and  indicate  that  useful  information  can  be  obtained 
from  fbe  water  vapor  channels. 

An  operational  atmospheric  sounder,  the  Vertical  Temperature  Profile 
Radiometer  (VTPR)  has  been  flown  on  NOAA  satellites  since  October 
1972.  It  contained  five  l5-um  COj  channels,  one  rotational  H-O  channel 
at  18.7  (im  and  a window  channel  at  12  nm.  In  order  to  obtain  satisfactory 
results.  It  was  found  necessary  to  use  radiosondes  for  "tuning"  the  solution 
of  ihe  regression  coefficients.  Then  a greater  density  of  soundings  was  used, 
which  gave  R.MS  differences  of  2 to  3®C  at  85  000  to  20  000  Nm”-  (850  to 
200  mbar).  respectively,  from  nearby  radiosondes  (J6l. 

The  Geosynchronous  Operational  Environmental  Satellite  VIS5R  At- 
mospheric Sounder  (GOES  VAS)  to  be  down  on  GOES  D (1980).  e.stends 
the  SMS  CiOES  Visible  and  Infrared  Spin-Scan  Radiometer  (VISSR) 
capability  to  include  additional  t.hermal  channe's  for  measurements  of  the 
venical  profiles  of  atmospheric  temperature  and  water  vapor.  The  VAS 
radiometric  measurements  coiuist  of  eight  visible  channels  and  two  IR 
channels.  The  spatial  resolution  is  900  m for  the  ba.id.  7 km  for  the  ll-.im 
band,  and  14  km  in  the  sounding  bands.  Ihe  VAS  can  operate  in  the 
normal  VISSR  mode,  a multispectral  image  scanning  mode,  and  a dwell 
sounding  mode.  This  laner  mode  provides  the  most  accurate  localized 
temperature  soundings  under  the  clear  sky  conditions  in  the  vicinity  of 
severe  storms.  A VaS  demonstration  espenment  sponsored  hy  The  Na- 
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tioiul  Aeronautics  and  Space  Administration  (NASA)  and  t)ie  National 
Oceanic  and  Atmospheric  Administration  (NOAA)  will  examine  the  accu- 
racy and  utility  of  geosynchronous  soundings  at  a prototype  operational 
ground  system  at  the  University  of  Wisconsin  and  at  a limited  data  facility 
at  Goddard  Space  Flight  Center  (GSFC). 

SooM  Recent  AppL  adoiu  of  Enviroimicntal  Satellite  Data 
Fortcasting 

The  Scanning  Radiometer  (SR)  replaced  the  AVCS  television  cameras 
used  earlier  on  the  ESSA.  ITOS.  and  NOAA  satellites  and  thus  gave  user 
agencies  a vital  nighnime  coverage  [IT\.  Figure  19  shows  an  overview  of  the 
present  NOAA-NESS  operational  satellite  data  flow.  Forecasters  at  50 
National  Weather  Sendee  Field  Offices  use  the  satellite  piaures  to  improve 
short-tenn  forecasts  and  provide  advisory  services  to  the  public  and  industry 
regarding  aviation,  agriculture,  and  shipping  [/5]. 

An  interesting  application  of  SMS/ GOES  infrared  data  is  its  use  in  a 
numerical  model  to  forecast  nighttime  minimum  ground  temperatures  for 
the  citrus  industry  in  central  Rorida.  Figure  20  is  a real-time  surface 
temperature  map  of  Rorida  (7.4  km  (4-NMl  resolution)  on  10  Jan.  1976 
which  is  one  of  a 30-min  series  used  to  track  the  cold  air  as  it  moved  south- 
ward across  the  state.  Based  upon  this  movement,  frost-freeze  forecasts 
are  issued  4 times  daily  to  the  citrus  growers,  who  must  decide  whether 
or  not  to  take  protective  action  in  their  groves.  An  Application  System 
Verification  Test  lASVT)  for  this  frost-freeze  system  will  be  run  for  three 
years  to  determine  the  economic  value  of  the  satellite  system.  ^ 


Observations 

A system  entitled  GOES-TAP  provides  the  opportunity  to  receive  SMS/ 
GOES  standard  seaor  piaures  every  30  mm  by  television  stations,  local 
governments.  Federal  agencies,  and  universities.  The  SMS/  GOES  satellites 
are  equipped  with  a Data  Colleaion  System  (DCS)  which  relays  environ- 
mental data  sensed  by  surface  platforms,  for  example,  rail  and  river  tide 
gages,  ships,  buoys,  and  automatic  weather  nations.  Each  spacecraft  can 
receive  data  from  10  000  platforms  every  6 h and  relay  the  data  to  a central 
faality  for  processing. 

Simultaneous  pairs  of  visible  images  from  SMS-1  and  2 satellites  have 
been  analyzed  stereographically  to  yield  cloud  heights  ranging  from  1 to  18 
km  with  a 2-sigma  repeatability  of  0.4  km.  These  measurements  were 
made  from  approximately  50  deg  N to  50  deg  S.  in  a large  overlap  area 

^Banholic.  J.  F . pn*»t<  cormpordence.  19*6. 
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FIG.  19— An  oorniew  of  f*»  prtjtnt  SOAASE5S.  Dtp!  of  Comment  optranonal  satellite 
data  flo»  diagram,  the  end  product  of  which  a weather  forecasts 

80  deg  of  longitude  wide,  which  is  common  to  both  satellites  in  the  nonhem 
and  southern  hemisphere. 

Figure  21  indicates  cloud  heights  derived  stereographically  from  SMS-1 
and  -2  on  V Feb.  19T5  over  the  Gulf  of  Mexico  and  Caribbean  Sea  (/9|. 

A new  high  resolution  ground  station  for  receiving  piaures  direa  from 
weather  satellites  was  demonstrated  recently  at  CSFC.  The  Local  User 
Terminal  (LUT),  Fig.  22.  is  far  superior  to  the  APT  systeni  developed  in 
the  l%0s.  It  provides  greater  piaure  resolution  from  VHRR  data  by  day. 
0.9  versus  3.2  km;  by  night.  0.9  versus  7.2  km.  The  higher  resolution 
provides  meteorologists  with  better  cloud  and  frontal  system  identification 
and  delineates  potentially  severe  storm  clouds  for  early  warning  advisories. 

After  the  launch  of  ATS-1  in  I960,  it  was  recognized  that  winds  could 
be  determined  by  tracking  clouds.  Although  individual  clouds  are  affected 
by  growth  and  dissipation  processes,  other  clouds,  and  gravity  waves,  it 
w«s  found  that  clouds  generally  move  with  the  wind  fields  with  accuracies 
approximating  operational  rawmsonde  data  \20\. 

In  order  to  calculate  winds  from  satellite  imagery  of  clouds,  careful 
geographical  registration  of  succession  photographs  must  be  done.  This  is 
done  by  matching  landmarks  on  the  sides  of  the  a.'ea  in  which  cloud  motions 
are  measured.  Then  the  displacements  of  clouds  from  successive  pictures 
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FIG.  2\— Cloud  heighij  l*<wl  Jtn**d  'grap^iicaUy  from  S\fS-l  and  -2  on  17  ftb 
1975  ovtr  the  U.S..  Gulf  0/  SlexiCo.  and  Caribbean  Sea 

are  measured  and  the  winds  calculated.  In  the  SMS  photographs,  reso- 
lutions are  2 to  4 km  (visible)  and  S km  (infrared)  so  that  often  patches 
of  clouds  rather  than  individual  clouds  are  tracked. 

Operational  determination  of  wind  from  SMS  GOES  are  made  at  30-min 
intervals.  The  lifetimes  of  individual  cumulus  clouds  are  also  of  the  order 
of  ‘'ih.  Nevenheless.  mesoscale  panems  of  cumulus  clouds  generally  have 
lifetimes  of  hours,  and  the  motion  of  these  panems  are  not  greatly  different 
from  the  rawinsonde  measured  air  motion  (2/).  Measurements  at  shorter 
intervals  of  15  or  " min.  or  even  less,  have  been  made,  and  it  has  been 
found  that  the  areal  coverage  has  increased  significantly.  However,  accuracy 
of  measurement,  especially  for  low  wind  speeds,  is  more  critical  at  the 
lower  time  intervals. 

A major  problem  is  the  assignment  of  heights  to  winds  determined  by 
cloud  tracking.  A skilled  operator  can  distinguish  between  low.  middle, 
and  high  clouds.  Use  of  the  infrared  to  determine  cloud  top  temperatures 
may  provide  more  accurate  heights.  For  a thick  c'oud  the  emissivity  of  the 
top  l(X)  m may  be  considered  to  have  an  emissivity  of  unify,  so  that  heights 
can  be  determined  by  matching  the  measured  equivalent  black-body  temper- 
ature with  a temperature  height  profile  determined  by  radiosonde.  However. 
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FIG.  22— '7"A#  Local  User  TtrynmaL  dcyftloptd  by  SASA  fo^  ktgh  rtsoittnon  APT'type 
operation. 

some  clouds,  such  as  cimis.  have  emissivities  appreciably  lower  than  unity. 
In  addition,  other  clouds,  such  as  cumulus,  may  not  uniformly  fill  the 
field  of  view  of  the  sensor.  For  these  reasons,  heights  determined  from 
infrared  measurements  may  bi-  subject  to  considerable  error.  Low  level 
clouds  over  the  oceans  are  assigned  to  the  90  000-Nm"*  (900-mbar)  level 
which  is  statistically  near  the  cloud  base  over  oceans.  Measurements  by 
Hasler  et  al  [22\  indicate  that  low  level  clouds  tend  to  move  with  the  wind 
at  the  cloud  base.  The  heights  of  middle  and  upper  level  clouds  are  deter- 
mined by  empincal  rr-.thods  using  infrared  measurements  over  the  densest 
portions  of  the  clouds,  and  by  using  estimated  emissivities  ranging  upward 
from  about  0.’. 

Winds  from  cloud  tracking  are  generally  ootained  by  man- machine 
inter-active  devices  such  as  McIDAS  at  the  University  of  Wisconsin,  the 
operational  .MMIPS  at  .NOAA  NESS,  and  AOIPS  at  GSFC  (Fig.  23). 
The  man  is  necessary  in  order  to  determine  which  clouds  are  being  tracked 
as  a single  layer  and  carried  with  the  wind  rather  than  being  formed  by 
gravity  waves.  The  man  also  distinguishes  between  low.  middle,  and  upper 
clouds.  The  computer  comple.x  is  necessary  for  speed  and  accuracy  [2J1. 

An  example  of  low  level  winds  of  Tropical  Storm  Holly  over  the  .Atlantic 
obtained  from  J-min  GOES-1  piaures  produced  on  the  AOIPS  is  shown 
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FIG.  23—Componrni3  of  th*  Aimosphtnc  and  Octanofraphic  Information  Proctiting 
Syttam  L40IPS)  at  Goddard  Spact  Flight  Ctntrr 


in  Fig.  24.  The  wind  data  are  quite  dense  over  the  southern  sector.  The 
wind  coverage  for  */|.h  intervals  would  be  only  a small  fraction  of  the 
number.  The  map  shows  an  asymmetnc  flow  pattern,  with  strongest  wind 
speeds  to  the  east  and  lightest  speeds  to  the  south  of  me  storm  center  \24\. 

Another  example  of  low  level  winds  on  a larger  scale.  Fig.  25  was  produced 
by  .VIcIDAS  during  a Data  Systems  Test  for  FGOE.  Prominent  low  level 
features  are  the  anticyclonic  circulations  shown  in  the  westeni  Nonh  Atlantic 
and  in  the  eastern  South  Pacific. 

Sea  surface  temperature  (SST)  is  determined  presently  from  intake 
temperatures  by  ships  of  opportunity,  drifting  and  moored  buoys,  and 
from  satellites  by  infrared  radiometry  [25].  Ship  and  buoy  SST  measure- 
ments are  accurate  to  about  1 .5’C  (RMS)  when  compared  to  oceanographic 
research  vessel  temperatures.  Since  19"0.  NOAA  meteorological  satellites 
have  camed  the  SR  and  where  clouds  were  not  m the  field-of-view.  horizontal 
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Fie.  2a — Art  txamplt  of  lo»  Itvtl  wmrfj  drnvtd  from  cloud  motion  on  the  AOIPS  from 
3-min  mublt  GOES-l  picturtt  rrtnrdtd  over  Tropical  Storm  Hotly  26  Oct.  1913.  1300  GMT 


sea  surface  temperatures  have  been  obtained.  For  a nominal  case  when  the 
SR  calibration  temperature  was  25“C  and  the  ocean  scene  temperature 
was  27®C.  the  NEJiT  is  approximately  0.3 ®C.  The  NEaT  increases  to 
1.4*C  for  the  same  instrument  temperature  when  the  scene  is  very  cold, 
that  is.  — (cloud  contaminated).  A system  noise  can  result  in  a NE.3T 
of  1.2  and  3.5 ’C  for  scene  temperatures  of  27  and  -b8’C.  respectively. 
An  example  of  a monthly  .NOAA-4  SST  map  of  the  globe  is  shown  in  Fig. 
26  [26\.  Corrections  for  water  vapor  absorption  were  applied  to  the  SR*SST 
data  from  coincident  VTPR  soundings.  An  updated  tnweekly  Gulf  Stream 
analysis  (Fig.  27)  derived  from  the  VHRR  data  has  been  used  by  the  oil 
tanker  industry  to  save  on  fuel  shipping  costs  [27-29]. 

Visible,  infrared,  and  microwave  sensors  are  also  capable  of  detecting  ice 
over  lakes  and  oceans.  NOAA  sensors  (VHRR  ;nd  VISSR)  have  been  used 
to  detect  changes  in  ice  cover  over  the  Great  Lakes  and  in  the  Araic.  In 
the  Great  Lakes,  four  scales  in  percent  of  ice  cover  are  used  to  designate 
ice  cover.  Figure  28  indicates  that  the  frozen  area  of  the  Great  Lakes 
(black)  in  the  winter  of  19""  vias  larger  than  in  1975  (J0|. 

LANDSAT  visible  imagery  has  been  used  to  study  ice  tloe  morphology 
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and  d)’natni«  in  the  Arctic  on  the  scale  ct  several  days  to  months;  lead  and 
polynya  dynamics  of  one  to  several  days  has  also  been  studied.  Nimbus  4 
IRLS  (Interrogation,  Recording,  and  Location  System)  drifting  buoys  have 
permitted  the  mapping  of  gross  ice  drift  in  the  BeaLfort  Sea  [J/], 

With  microwave  imagery  from  fcSMR-5  (19.35  GHa)  and  —6  (37  GHz), 
first  and  multiyear  ice  can  be  distinguished.  The  emissivity  of  Tint  year 
ice  is  close  to  unity  in  the  wavelength  region  of  0.3  to  11  cm.  Multiyear 
ice  has  a lower  emissivity,  either  because  of  the  presence  of  empty  brine 
poclcets  above  sea  level  or  the  crystal  structure  of  ice  [32) . The  brightness 
temperature  (T«)  of  Greenland  glacier  ice  showed  variations  of  SO^C,  with 
the  highest  emittance  corresponding  roughly  to  the  highest  elevation.  These 
variations  in  emissivity  are  related  to  the  ice  crystal  size  in  the  glacier  snow 
cover  (JJ-35). 

The  seasonal  ice  boundary  in  the  Arctic  and  Ania'aic  can  be  detected 
easily  by  the  sharply  higher  T«  of  the  ice  as  compared  to  the  open  water 
(Figs.  29  and  30).  Figure  31  shows  the  percentage  of  ice  in  5-deg  latitude 
belts  in  the  Anttrctic  taken  from  ESMR-5  imagery  between  July  1973  and 
October  1974.  In  February  the  ice  cover  is  95  percent  at  75  to  80  deg  S and 
35  percent  at  65  to  7Q  deg  S.  Maximum  ice  cover  is  during  August  and 
September,  with  95  percent  at  65  to  60  deg  S and  about  24  percent  at  55 
to  60  deg  S.  The  year-to-year  variation  in  a belt  is  only  a few  percent,  as 
may  be  seen  by  comparing  the  curves  for  Julv  to  October  of  1973  and 
1974  [36.37]. 

In  an  analysis  of  Arctic  ice  using  visible  imagery  from  ESSA  satellites 

am  1966  to  1974.  Sanderson  (35)  showed  that  the  total  ice  cover  during 
the  winter  months  has  very  little  variation  from  year  to  year,  although 
there  may  be  wide  variations  regionally.  This  is  bAause  excess  ice  in  some 
regions  is  counteracted  by  less  ice  in  other  regions.  The  same  appears  to 
be  true  for  Antarctic  ice  (39),  and  for  winter  snow  cover  in  the  northern 
hemispheie  (40.4/), 

Rainfall  measurements  and  estimations  have  been  made  by  conventional 
meteorological  networks  using  ground,  ship,  and  aircraft  observations,  rain 
gages,  and  weather  radars.  With  the  advent  of  the  meteorological  satellite 
new  techniques  have  been  developed  to  estimate  average  hourly,  daily,  and 
.nonthly  rainfall  from  satellite  cloud  photography  using  cloud  categories 
and  brightness,  cloud  top  temperatures,  and  monthly  cloud  nephanalyses 
(42-44).  The  Nimbus  5 ESMR  ll®35  GHz)  was  used  to  delineate  rain 
areas  and  provide  semiquantitative  rainfall  rates  within  oceanic  uopical 
cyclones  on  a 12-h  basis  using  a theoretical  model  for  calibration  (45.46). 
Figure  32  shows  the  "dark''  rain  bands  of  Hurricane  Fifi  (1974)  in  the 
photofacsimile  image,  while  the  THIR  image  shows  ..  st  the  overall  cloud 
cover  and  cloud  heigh'.  ' 'ainfall  atlas  depicting  global  oceanic  rainfall 
rate  based  upon  the  j ESMR  bnghtness  temperature  was  published 

recently.  Figure  33  shows  the  first  sate'lite-denved  annual  distnbution  of 
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rainfall  over  the  oceans  for  Januarv'  19^4  to  December  19T4  [47).  The 
weekly  and  monthly  maps  permit  the  monitoring  of  the  movement  of  the 
Intertropical  Zone  of  Convergence,  the  advance  of  the  Indian  Monioon, 
and  Pacific  ocean  rainfall  associated  with  El  Nino  phenomenon. 

Satellite  microwave  radiometers  have  an  excellent  potential  capability  to 
detect  soil  moisture.  The  T g recorded  by  a microwave  radiometer  is  equal 
to  the  product  of  the  emissivity  and  temperature  of  the  surface  in  the  field 
of  view.  The  emissivity  of  the  soil  is  determined  by  the  dielectric  properties 
of  the  surface  layer,  a fov  tenths  of  a wavelcngt.  . in  thickness.  The  emissivity 
varies  with  the  type  of  soil,  percentage  of  moisture,  and  i-egetative  cover  (45). 

A photofacsimtle  microwave  image,  recorded  by  Nimbus  5 ESMR  on 
22  Jan.  19’3  iFig.  34)  indicated  a persistent  soil  moisture  feature  over  the 
lower  Mississippi  Valley.  Abnormallv  heavy  precipitation  had  occurred  in 
October.  .November,  and  December  19‘'2.  leaving  the  alluvial  Mississippi 
Valley  soils  soaked  with  standing  and  subsurface  water.  Wet  soils  radiate 
as  cold  surfaces  in  the  microwave  iniageiy  which  shows  as  white  in  this 
figure.  A gnd  pnnt  map  analysis  {b)  shows  two  major  areas  of  Tg  values 
of  < 220  K in  the  Mississippi  Valley  which  lie  wuhin  a large  envelope 
where  Tg  = 240  K.  This  area  overlaid  the  outwash  aquifers  in  the  drainage 
field  [4t»). 

Data  from  two  radiometers.  l2l  and  2.2  cm)  flown  aboard  Skylab  were 
also  compared  with  data  obtained  trom  ESMR-5  11.55  cm)  for  a 300-ltm 
swath  across  north-central  Te.xas  in  June  IdTJ  14<J).  Soil  moisture  in  the 
top  2.5  cm  vaned  from  15  to  *0  percent  of  field  sod  capacity.  The  T g range 
was  45  K for  the  21 -cm  radiometer.  15  K for  2.2-cm  radiometer,  and  only 
5 K for  1.55-cm  radiometer.  The  small  respt'nse  of  the  1.55-cm  instrument 
vas  ascribed  to  the  presence  of  vegetation  canopy  which  inhibits  penetra- 
tion for  the  shorter  wavelengths. 

Experimental  flights  over  agncultural  areas  near  Phoenix,  Arizona,  and 
Impenal  Valley,  California  showed  that  the  range  in  T*  oetween  wet  and 
dry  ground  for  little  or  no  vegetative  cover  is  about  90  K for  21  cm  and 
bO  K for  1.55  cm.  .An  example  of  one  flight  is  shown  in  Fig.  35  where  the 
21 -cm  radiometer  indicated  T$  of  20o  to  210  K for  35  percent  field  soil  ca- 
pacity while  dry  desert  13  percent  field  capacity  ) showed  a T#  of  2T2  K.  The 
slope  of  the  Tg  curve  was  greatest  beyond  25  percent  field  capacity  [50\. 
Pie  1.55-cm  radiometer  was  found  to  be  incapable  of  detecting  soil  mois- 
ture '^nation  through  a plant  canopy  The  2l-cm  radiometer  showed  only 
slight  bnghtness  differences  over  vegetated  and  bare  fields,  hence,  it  was 
found  to  be  more  suitable  for  observing  a wider  spectrum  of  soil  moisture 
than  radiometers  using  shorter  wavelengths  (5/1. 

Landsat  I il9"'2)  data.  i80-m  resolutum)  was  also  found  to  be  very  useful 
as  a regional  tool  for  flood  mapping  dunn^  the  Spnng  19T3  .Mississippi 
Rjver  disaster.  Particularly  n the  0.8  to  l.l  um  tBand  ')  spectral  region  of 
the  .Multispectral  Scanner  Subsystem! MSS),  water  or  moist  ground  surface. 
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FIG.  34 — Simbiu  5 ESMR  (1.55  cm)  focumtlt  ptcturt  omr  tkt  mtfrm  V S.  oo  22  Jan. 
1972  and  a gnd  print  map  analyta  (T|)  in  *K  o*ar  tkt  Hiuiuippi  VaUwy  and  Calf  eoaji. 
indirannf  kigk  lod  moainrt  (ca/d  T|.  <240  K).  in  gray  tant. 

or  both,  show  up  much  darker  than  dr>  soil  or  vegetated  areas  [52].  Figure 
36  shows  the  preflood  stage  of  the  Mississippi  River  in  the  St.  Louis  area. 
Areas  C and  B indicate  the  confluence  of  the  Missouri  and  the  Mississippi 
and  the  Illinois  and  Mississippi  River,  respectively,  and  D indicates  areas 
of  significant  flooding.  The  stream  flow  in  this  area  was  the  highest  since 
1844  and  large  areas  were  inundated  [5J|.  Similarly.  Band  7 wa.  _sed  to 
show  the  western  Negev  (vegetated-dark)  and  nonvegetated  (I’<,nt)  Sinai 
desert  area  on  the  Israel-Egypt  border  (Fig.  3?).  A fence  runs  along  this 
demarcation  line,  and  the  bleakness  of  the  ground  south  and  west  of  the 
fence  is  due  to  over  grazing  by  camel,  sheep,  and  goats,  denuding  the 
existing  vegetation  [54-57]. 

LANDSAT  C (19"8)  which  was  launched  3 5/ "8.  carried  a fifth  channel, 
a thermal  infrared  band  in  the  .MSS  which  wiU  have  a lesser  sensor  spatial 
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FIG.  3S—Airrra/i  thtrmal  tnjrartd  (10  to  /Z  »m)  and  mtcrowayt  (21  em)  brtghtntsi 
lomptroturt  ttnul  flight  dtstanct  at  th  north  tnd  of  the  Imptnal  Valley.  Calif  The  21-cm 
bnghtneu  temperature  and  meajurtd  toil  moisture  for  lereral  rrgetattd  fields  the  Salton 
Sea  and  desert  land  are  indicated. 

resolution  than  T.ANDSAT  A and  B.  namely,  200  m.  This  channel  will 
improve  the  capability  to  classify  crops,  vegetation,  and  soils. 

A Heat  Capacity  Mapping  Mission  (HCMM)  is  planned  by  GSFC  to 
map  the  northern  hemisphere  surface  temperatures  and  derive  thermal 
inertial  images  near  hours  of  maximum  heating  (1:J0  p.m.)  and  cooling 
(2:30  a.m.),  with  500-m  resolution.  It  is  expe«ed  that  soil  moisture  pat- 
terns, soil  and  rock  compositions,  and  geothermai  sources  can  be  dis- 
tinguished bener  with  this  satellite  than  with  LANDSAT  (5<S]. 

A Thematic  Mapper,  LANDSAT  D (1981),  is  under  study  at  GSFC  with 
plans  for  a 18-day  repetitive  coverage  with  a 30-m  ground  resolution  for 
visible  channels  and  120  m for  infrared.  Four  bands  will  most  likely  be 
centered  at  0.48  pm  (blue),  0.56  ^m  igreen),  0.66  pm  (red)  and  0.83  pm 
(reflective  infrared).  Two  additional  bands,  near  1.65  and  11.5  pm.  will 
also  be  added.  The  Thematic  Mapper  will  be  especially  useful  for  improved 
monitoring  and  prediaion  of  the  agricultural  food  resources  on  a global 
scale.  The  system  feasibility  has  been  demonstrated  by  LANDSAT  1 in  the 
Large  Area  Crop  Inventory  Experiment  (LACIE)  (59). 

Identification  of  snow  cover  from  satellite  generally  has  been  made  from 
visible  imagery,  and  to  some  extent  from  infrared  imagery.  Microwave 
detection  of  snow  has  also  been  used  in  some  areas.  The  primary  snow 
mapping  sensors  on  the  NOAA  satellites  is  the  VHRR  l Very  High  Resolution 
Radiometer)  with  one  channel  in  the  visible  (0.6  to  0.”  pm)  and  another  in 
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FlC  — Prt-jlooJ  t2  Oci.  /V’J)  anj  flood  [31  Mo’rh  1973)  iia$t  for  the  htittitsippi  Rirer 
ikown  by  Londtiii  MSS.  Bund  7 [0.3  to  l.l  mRiI  Poini  A mdicaltt  St  Louts.  .Mo..  Paints 
C and  B II.  Jirorr  the  conjlutnce  of'  the  Missouri  jnd  me  Mississippi  Purrs  end  the  Wmots 
and  Mississippi  Pirtrs  rnprctiitly  Point  D indicates  areas  ul  iigniitcani  j’ooding 

the  window  infrared  (lO.S  to  12.5  »im),  and  the  Scanning  Radiom  ter  iSR) 
with  similar  sensors  but  poorer  resolution  [0(^.0/ 1. 

Snow  has  about  the  same  high  albedo  as  many  clouds.  However,  snow 
c*.n  be  distinguished  from  clouds  by  pattern  recognition  and  stability,  since 
clouds  do  not  retain  the  same  shape  for  more  than  an  hour.  Cloud  shadow^ 
on  the  ground  can  also  be  recognized  at  low  sun  angle. 

Wiesnet  and  Matson  (JO)  have  prepared  nonhem  hemisphere  average 
snow  charts  for  the  period  l%o  to  ^“S.  dunng  the  months  September 
through  March.  These  chans  were  prepared  from  photo  interpretation  of 
satellite  imagery  obtained  from  ESSA.  ITOS,  NOAA.  and  SMS-1  satellites. 

An  example  of  snow  dete:;.on  in  the  visible  using  LANDSAT  imagery 
(80-m  resolution)  is  shown  in  Fig.  38  for  the  Sierra  Nevada  Mountains 
in  California.  The  winter  of  19"5  was  a normal  snow  year  as  compared 
to  19T".  a drought  year. 

Since  LANDSAT  and  .NOAA  satellites  have  demonstrated  ability  to 
accurately  measure  snow.covered  areas  on  vanous  size  watersheds,  an 
Application  Systems  Venfication  Test  iASNT)  Program  was  initiated  to 
test  the  results  of  these  studies  in  .Arizona.  California.  Colorado,  and 
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FIG.  yi—Wat*rn  Stgtr  {rtfttaitd  dark)  and  Sinai  dtttrt  nnn  irgnaitd  on  iht 

hraH-Egypi  bordar  aj  iko»n  hr  LASDSaT  I.  bfSS.  Band  1 picturt.  2*  Aug  I9fj  [SO-m 
rttoiuiion). 


FIG.  yt—An  txampi*  of  wttlhrr  modification  due  to  man  s induunat  aeiiniiej  thown  m 
a LAf»OSAT  I.  (<  '5  S)  pictuft  rtcordtd  on  2*  >o»  »'»'■  Lake  Micnigan  jW  lo  >£ 

wmj  arrow!  and  barbt  pwni  to  tmokt  Itack  p/am*  ira/rcion  owr  iht  lakr  wkick  Irudi  to 
eland  iktrt  and  tnuw  jail  dewriupmrnt  Junker  downwind.  Air  lemprruiurr  mtbiliry  and 
dew  potm  number!  art  phi  ted  to  lejt  oj  weather  nation  circle. 

mounitinous  terrain  cire  must  be  taken  when  interpreting  temperature 
differences  which  depend  on  elevation. 

Microwave  has  the  advantage  of  detecting  snow  cover  through  clouds.  The 
emisiiviiy  of  snow  is  markedly  different  from  that  of  bare  ground.  However. 
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emissivity  tlso  varies  wi:h  the  age  of  the  snow,  depth,  and  the  amount  of 
prior  melting  and  freezing.  A compa.'ison  of  snow  cover  depths  and  micro- 
wave  imagery  from  ESMR-6  (j7  GHz)  over  Minnesota  in  December  1973 
showed  that  the  230  K isotherm  was  a good  delineation  of  the  snow 
boundary  [5/|.  Airborne  microwave  observations  of  snow  indicate  that  it 
may  be  possible  tc  distinguish  dry  and  wet  snow  due  by  their  different 
dielectric  properties  [34.49], 

The  Earth  Radiation  Budget  (ERB)  experiment  flown  on  Nimbus  6 
(1975).  made  measurements  of  the  reflected  shortwave  and  emitt.-d  long- 
wave 'adiation  from  the  eanh  and  the  solar  constant.  Radiation  budget 
calculations  were  made  over  the  entire  earth  disk  (3500-km  radius)  from 
llOO-km  satellite  altitude,  with  wide-angle  channels  (130  deg  Held  of  view), 
while  narrow-angle  channels  t0.2S  bv  5 deg)  measured  regional  values  and 
the  angular  distribution  of  outgoing  radiation.  The  ERB  solar  channels 
indicated  a 1394  w m- value  for  the  solar  constant  while  rocket  measurements 
taken  on  29  June  19'6  indicate  a lower  value,  that  is.  1.^67  w'm-  (66). 
The  planetary  global  albedo,  longwave  radiation  fluxes,  and  net  radiation 
were  computed  to  be  30  percent.  240  w m\  and  — 4 w m\  respec- 
tively. for  the  months  of  July  and  August  1975.  and  thus  show  go^d 
agreement  with  prior  Nimbus  3 calculations  [67].  Albedo  charts  for  August 
1975  prepared  from  wide  angle  data  iO.2  to  3.8  #im)  show  maxima  over 
northern  tropical  South  Amenca.  the  bnght  sands  of  the  Sahara  Desen. 
and  the  Tibetan  Plateau,  while  minima  were  found  in  the  oceanic  subtropical 
high-pressure  ndges.  The  narrow-angle  measutemcnis  showed  that  Green- 
land was  a highly  specular  refleaor  of  shorrwave  radiation,  but  a diffuse 
emitter  of  longwave  radiation,  whereas  the  Sahara  Desen  displayed  the 
opposite  characteristic.  The  variation  in  global  albedo  with  latitude  for 
different  months  .s  sh<  wn  in  Fig.  40.  Gruber  (6<!(1  (I9"b)  used  SR  data 
(O.S  to  C.7  ^m  and  10.5  to  12.0  tim-channels)  to  compute  net  radiation 
balance  profiles  from  June  19"4  to  May  19’5  (Fig.  41.  left).  There  was 
a net  radiation  loss  in  the  win'er  hemisphere  and  a gain  in  the  summer 
hemisphere.  The  net  gain  in  the  southern  hemisphere  summer  is  larger 
than  the  nonhern  hemisphere  summer.  .Mean  annual  meridional  transpon 
of  energy  compiled  by  Gruber  (Fig.  41.  nght)  agreed  well  with  others, 
except  that  nonhem  hemisphere  transpon  was  appreciably  greater  in  the 
southern  hemisphere. 

Measurement  of  total  atmospheric  ozone  content  were  made  in  the  last 
40  yean  by  a poorly  spaced,  quasi-global  network  of  ground-based  Dobson 
spectrometers,  balloons,  and  sounding  rockets.  Many  of  the  mot.  recent 
satellite  ozone  measurements  were  made  by  Nimbus-3  and  -4  IRIS  (69. 70] 
anC  Nimbus-4  BackKatter  Lltraviolet  instrument  (BL'V)  (7/).  The  BL'V. 
1 double  (cascade*^'  Eben-Fastie  spectrophotometer  which  was  launched 
in  Apnl  1970.  is  still  providing  daily  ozone  data  after  seven  years  of  op- 
eration. A similar  instrument,  launched  on  Atmosphere  Explorer  55  in  late 
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FlC.  40—'  anaiioti  ui  global  albrdo  at  mtatvrtJ  by  Simbui  6 ERB  from  July  ikroagk 
Sommbtr  IU7S.  ujiag  tolar  and  widt  angle  ckannelt. 


F1C.  4| — u)  Compuiee  global  net  radiation  jolance  utmg  2-i.kanntl  \OAA-d  SR  data. 
(bl  Compartton  at  global  mean  annual  meridional  trantport  oj  energy  by  Jiflertni  taielliie 
letkniquet. 

1975,  is  providinr’  ozone  data  in  an  equatonai  orbit  over  the  region  of  the 
m^it  active  ozone  formation.  The  BUV  determines  th.  total  ozone  content 
>nd  vertical  ozone  distribution  by  measuring  the  backscattered  ultraviolet 
solar  energy  at  the  satellite  nadir  at  12  wavelengths  front  2550  to  3400  A in 
the  ozone  absorption  band  (Fig.  42).  The  shoner  wavelengths  are  more 
sensitive  to  ozone  high  in  the  stratosphere,  and  the  longer  wavelengths  are 
most  sensitive  to  ozone  low  in  the  stratosphere.  To  infer  the  ozone  profile, 
the  atmospheric  albedo  must  be  determined  to  within  one  percent. 


PIC  tanc  of  yimbus  J Bjcktcatrt^  Ultrvvtoitt  ms:rumenf  nkt^fi  Jttr^- 

mmts  (oioi  Qto*it  cOHttnt  amS  vr^uoi  o:oMr  JutnbutiOA  by  mnuvr*>if  :he  buckjconr^d 
uJtrQvto^tt  io4ar  fner^y  ut  1M9  uiftihtt  nudir  Ji  12  ^v\‘titugtHs  from  to  A in  :h« 
ozo*it  obsor^ttoH  ^nd 

Figure  43  shws  penods  (April  to  May  19~0)  of  global  ozone  data 
processed  from  Nimbus  4 BL'V  data.  A fc  l-scale  etfon  to  produce  an  atlas 
of  the  seven  years  of  BL’V  ozone  data  is  now  underway  a»  Goddard,  “nic 
Solar  Packscaner  Ultraviolet  and  Total  Ozone  Mapping  Speciromeivr 
(SBL'V  TOMS)  expen.  tent  to  be  flo'.vn  on  Nimbus  G in  19'8  will  measure 
the  ozone  venical  profile  and  solar  U V spectrum,  and  will  pro  -ide  a total 
ozone  map  by  means  of  a mechanical  scan  across  the  Nimbus  track.  This 
instniment  is  a refinement  of  the  BiJV  system  with  special  provisions  for 
minimizing  the  effeas  of  space  radiation  ( 72). 

ITitf  Limb  Radiance  Inversion  Radiometer  (LRlRl  f.own  on  Nimbus  0 
(1®‘'5)  also  made  measuremenis  of  the  veitical  distr.bution  of  ozone, 
fimr-rature.  and  water  vapor  from  l.o  ’o  oO  km  on  a global  scale  ('j]. 
v . ..cal  distnbutions  were  determi.ied  by  invening  .measured  limb  raaiance 
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profiles  from  the  LRIR,  an  infrared  multispectral  scanning  radiometci* 
in  four  spectral  regions:  t«o  in  the  IS-^nt  COi  band,  one  in  the  9.6*Min 
ozone  band,  and  one  in  the  23  to  rotational  water  vapor  band. 

Fntnre  Environincntsl  Sateliit*  Programs 

The  Global  Atmospheric  Research  Program  (CARP)  was  established  in 
l%7  by  the  World  Meteorological  Organization  (WMO)  and  the  Inter- 
national Council  of  Scientific  Unions  (ICSU)  in  response  to  resolutions  of 
the  United  Nations.  It  is  an  international  cooperative  effort  to  increase 
the  accuracy  of  medium  range  weather  forecasting  (from  1 day  to  2 weeks), 
to  develop  mathematical  models  of  the  atmosphere  which  will  permit 
reliable  long-range  weather  forecasts,  to  guide  the  design  of  a cost-eff^ective 
global  observing  and  forecasting  system  for  routine  use  by  the  international 
community,  and  to  investigate  the  mechanisms  underlying  climate  variations 
which  may  lead  eventually  to  some  level  of  climate  prediction.  The  First 
CARP  Global  Experiment  (FGGE)  will  have  145  countries  participating, 
and  global  observations  will  be  taken  from  1 Sept.  1978  to  31  Aug.  1979 
with  intensive  observing  periods  during  January  and  February  and  during 
May  and  June  1979  (741.  The  system  will  utilize  the  following: 

1.  W ,rld  weather  watch  surface-oased  stations  (global). 

2.  4 Polar  orbiting  weather  satellites  (global). 

3.  5 Geostationary  weather  satellites  (50  deg  N to  50  deg  S). 

4.  Special  and  commercial  aircraft  releasing  dropsondes  (tropics). 

5.  SO  ships  releasing  radiosondes  (tropics). 

6.  390  ocean  drifting  buoys  (southern  hemisphere). 

7.  Commercial  ships  equipped  with  weather  instruments  (southern 
hemisphere). 

Figure  44  shows  the  full  complement  of  weather  satellites  to  be  in  orbit 
by  1978-1979  for  this  experiment,  while  Fig.  45  illustrates  schematically 
the  global  data  flow  and  planned  utilization  for  the  FGGE  program. ' NASA 
has  already  conducted  six  Data  System  Tests  (DST)  to  date  to  address 
problems  in  data  management  and  utilization,  and  to  demonstrate  the  full 
potential  of  satellite  temperature  sounding  data  [75]. 

A Climate  Research  Program,  now  under  study  at  GSFC  will  make  full 
use  of  the  TIROS-N.  GOES-METEOSAT,  and  proposed  CLIMSAT  and 
ERBS-A  satellites  shown  in  Fig.  46.  With  this  system,  most  of  the  climate- 
related  observational  requirements  now  anticipated  can  be  met  [76\.  In 
those  areas  where  the  requirements  cannot  be  met  by  direct  observations 
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FIG.  ^—Wtittktr  sutrUtttt  to  br  it  orbit  Juniig  tht  First  CARP  Globot  Exptnmtnl 
IFGGE)  1978-1979. 


FIG.  4S—/4  schtmuuc  of  tht  $hbui  tioiu  jlow  and  plannni  dm  it  uiilizuiion  /or  FCCE 
pmgrum. 

special  intensive  studies  are  planned  so  that  the  climate  parameter  can  be 
derived  and  modeled  later.  Figure  47  illustrates  the  complicated  c'ima.jc 
cause-and-effea  (feedback)  linkages  which  have  an  important  etTect  on  the 
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earth's  climate.  These  and  other  meteorological  parameters  which  may  be 
partially  monitored  by  satellites  will  be  recorded  and  fed  into  mathematical 
climate  models  for  further  study  [77-80\. 

The  TIROS-N,  a two-satellite  system  to  be  launched  in  3rd  quarter  of 
1978,  was  designed  to  provide  better  meteorological  data  than  the  present 
NOAA  polar  orbiting  satellites.  It's  major  improvements  will  be  (a)  higher 
spatial  accuracy;  (h)  an  increase  in  the  number  of  tropospheric  and  strato- 
spheric temperature  and  water  vapor  soundings  under  clear  sky  and  cloudy 
conditions  by  the  TIROS  Operational  Vertical  Sounder  (TOYS);  (c)  in- 
creased spectral  radiometric  information  by  the  Advanced  Very  High 
Resolution  Radiometer  (AVHRR)  for  more  accurate  sea  surface  temperature 
mapping  and  delineation  of  melting  snow  and  ice  fields;  and  (<f)  a remote 
platform  location  and  data  collection  capability  (ARGOS)  and  increased 
proton,  electron,  and  alpha  particle  spectral  information  by  the  Space 
Environment  Monitor  (SEMi  for  improved  solar  disturbance  prediction 
[8l,82\.  Direct  readout  of  Automatic  Picture  Transmission  (APT)  and  High 
Resolution  Picture  Transmission  (HRPT)  data  to  a worldwide  ground 
network  will  be  provided  for  operational  coverage.  For  purposes  of  the 
Climate  Program,  and  to  support  NOAA  operational  needs,  it  has  been 
suggested  that  two  instruments  be  added  to  TIROS-N:  (a)  a solar  Back- 
scatter  Ultra-Violet  Instrument  System  (SBUVj  to  monitor  global  ozone 
and  solar  ultra-violet  flux,  and  (h)  an  Earth  Radiation  Budget  Satellite 
Instrument  (ERBSI). 

The  SBUV  measures  backscanered  and  direct  solar  ultraviolet  radiation 
in  12  channels  of  the  UV  spearum.  The  instrument  is  nadir-viewing  with 
a field  of  view  covering  16S  km  on  the  earth.  These  data  are  used  to  derive 
the  total  ozone  in  the  vertical  column  and  also  the  vertical  profile  of  the 
ozone  concentration.  The  second  instrum'-nt  is  the  Earth  Radiation  Budget 
Instrument.  This  instrument  system,  consisting  of  two  optical  units,  measures 
the  total  upwelling  radiation  in  the  0.2  to  SO-^m  band  and  the  reflected 
visible  radiation  in  the  0.2  to  S.O-^m  band.  Three  spatial  resolution^ 
are  used  in  parallel,  a wide  field-of-view  (1000  km)  sensor,  and  a narrow 
field-of-view  (87  km)  scanning  unit.  These  data  are  used  in  combination 
to  derive  global,  zonal,  and  regional  values  of  the  components  of  the  earth’s 
radiation  budget.  For  calibration  purposes,  a solar  constant  measurement 
channel  is  also  included.  Interest  in  including  both  the  ERBS  and  SBUV 
instn'  lents  on  T’ROS-N  has  been  expressed  by  NOAA.  Table  3 gives 
the  TIROS-N  payl  ad  charaaeristics. 

The  orbital  parameters  and  instrument  payloads  for  an  earth  radiation 
budget  and  stratospheric  aerosol  satellite  (ERBS- A)  and  CLIMSAT  A and 
B are  still  under  consideration  for  final  seieaion. 

The  oceans,  which  cover  about  two-thirds  of  the  earth's  surface,  have 
important  influences  on  our  weather  and  climate  and  are  an  important 
resource  needing  further  t xploration.  The  SEASAT-A  program  will  demon- 
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strate  synoptic  monitorings  of  the  motions  and  temperatures  of  the  oceans 
and  provide  better  ocean  ship  routing  and  warnings  of  severe  wind-wave, 
rain,  sea  current,  and  ice  conditions  which  should  benefit  the  oceanographic 
community. 

SEASAT'A  (Fig.  48)  was  launched  in  June  1978  and  carried  instruments 
fully  dedicated  to  oceanic  prediction  The  sensor  applications  are  as 
follows: 

1.  Altimeter— A nadir-looking  instrument  that  measures  the  displace- 
ment between  the  satellite  and  the  ocean  surface  to  a processed  accuracy 
of  10  cm  every  18  km  and  a RMS  roughness  of  that  surface  to  I m. 

2.  Radar— A 100-km.  swath-width  image  of  the  ocean  surface  with  a 
25-m  spatial  resolution  viewed  every  18  days. 

3.  Scatterometer—Lo'*/  to  intermediate  surface  wind  velocity  determined 
over  a swath-width  of  1200  km,  providing  global  coverage  (±  75  deg  latitude) 
every  36  h on  a 100-km  grid  basis. 

4.  Microwave  Radiometer— Ice  boundaries  and  leads,  atmospheric 
water  vapor,  sea  surface  temperature,  and  intermediate  to  high  wind  speeds 
are  provided  over  a swath-width  of  1000  km  every  36  h.  Spatial  resolution 
of  ice  features  is  25  km.  and  125  km  for  sea  surface  temperature. 

5.  Visible  and  IR  Radiometer — Provide  a 7-km  spatial  resolution  imag- 
ery for  feature  identification  for  the  microwave  data. 

An  example  of  the  ocean  data  distribution  plan  for  SEASAT-A  is  shown 
in  Fig.  49. 

Nimbus  G,  to  be  launched  in  the  4th  quarter  of  1978.  is  a multidisciplinary 
satellite  with  application  to  pollution  monitoring,  oceanography,  and 
weather  and  climate  (Fig.  50).  The  payload  consists  of  eight  instruments  [54], 

1.  Scanning  Multichannel  Microwave  Radiometer  (SMMR) — Measures 
radiances  in  five  wavelengths  and  ten  channels  to  extract  infoi  .mation  on 
sea  surface  roughness  and  winds,  sea  surface  temperature,  cloud  liquid 
water  content,  precipitation  (mean  droplet  size),  soil  moisture,  snow  cover, 
and  sea  ice  ( ^5] . 

2.  Stratospheric  and  Mesospheric  Sounder  (SAMS) — Measures  vertical 
concentrations  of  HjO,  N2O,  methane  (CH,).  carbon  monoxide  (CO),  and 
nitric  oxide  (NO);  measures  temperature  of  stratosphere  to  -90  km  and 
trace  constituents. 

3.  Solar- Backscattered  Ultraviolet /Total  Ozone  Mapper  System  (SBUV 
TOMS) — Measures  direct  and  backscattered  solar  UV  to  extract  infor- 
mation on  variations  of  solar  irradiance.  vertical  distribution  of  ozone  and 
total  ozone  on  a global  basis. 

4.  Earth  Radiation  Budget  (£RB)— Measures  shon-  and  longwave  up- 
welling  radiances  and  fluxes  and  direct  solar  irradiance  to  extract  infor.Tiation 
on  the  solar  constant,  earth  albedo,  emined  longwave  radiation,  and  the 
anisott^opy  of  the  c itgoing  radiation. 
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FIG.  48— xtih  jssociateu  cxprr,/ntfiis. 


5.  Coastal  Zone  Color  Scanner  (CZCS) — Measures  chlorophyll  con- 
centration. sediment  distribution,  jfe/feiro// (yellow  substance)  concentration 
as  a salinity  in.licator,  and  temperature  of  coastal  waters  and  open  ocean. 

6.  Stratospheric  Aerosol  Measurements  II  Experiment  {SAM  ID — 
Measures  the  concentration  and  optical  propenies  of  stratospheric  aerosols 
as  a function  of  altitude,  latitude,  and  longitude.  Tropospheric  aerosols 
can  be  mapped  also  if  no  clouds  are  present  in  'he  IFOV, 

Temperature-Hurntdity  Injrared  Radiometer  Experiment  [THIR) — 
Measures  the  infrared  radiation  from  the  earth  in  two  spectral  bands  (11 
and  6."  ^im)  both  day  and  night  to  provide  pictures  of  cloud  cover,  three- 
dimensional  maps  of  cloud  cover,  temperature  maps  of  clouds,  land  and 
ocean  surfaces,  and  atmospheric  moisuire. 

8.  Limb  Infrared  Monitoring  of  the  Stratosphere  Experiment  {LIMS}— 
Makes  a global  survey  of  selected  gases  (tom  the  upper  troposphere  to 
the  lower  mesosphere.  Inversion  techniques  arc  used  to  derive  gas  con- 
centrations and  temperature  profiles. 
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FIG.  -49—4  jchemitiic  ol  SEASAT-A  oceun  duiu  Uttinbutiun  plan. 


The  Nimbus  G launch  will  coincide  writh  the  FCGE  and  substantially 
enhance  the  results  of  that  experiment. 

The  main  objective  of  the  proposed  STORMSAT  mission  is  to  observe 
mcso-  and  synoptic  scale  meteorological  parameten  from  geostationary 
altitude  for  use  in  early  detection  and  prediction  of  severe  local  storms 
[86.87],  Vertical  temperature  and  moisture  sounding  under  cloudy  and 
clear  sky  conditions,  and  high  resolution  imagery  from  the  Advanced 
Atmospheric  Sounding  and  Imaging  Radiometer  (AASIR)  and  Microwave 
Atmospheric  Sounding  Radiometer  (MASR),  can  best  be  obtained  from  a 
three-axis  stabilized  satellite.  This  system  offers  an  order  of  magnitude 
sensing  improvement  over  a spinning  GOES  VAS  system.  Preliminary 
design  studies  of  the  AASIR  and  the  spacecraft  and  ground  system  design 
for  STORMSAT  has  been  completed  (M)  (Fig.  51).  Figure  52  shows  t.he 
chronological  development  of  geostationary  satellites  to  the  present  STORM- 
SAT concept  [59] . 

From  early  in  the  1980s,  and  at  least  throughout  the  following  decade, 
the  Shuttle  will  be  NASA's  transportation  system  for  access  to  space.  Beyond 
that,  the  joint  venture  with  European  countries  in  developing  the  Spacelab 
will  provide  a functioning  manned  laboratory  facility  in  space.  These  two 
programs  will  play  vital  roles  in  the  development  of  future  remote  sensors. 
The  four  functional  categories  that  these  programs  will  provide  are  as 
follows:  (a)  calibration  of  instruments  on  operational  satellites,  {b)  direct 
monitoring  of  slowly  changing  earth/ atmosphere  parameters,  c)  develop- 
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FIG  50 — Stntbus  O JSSOi:iateJ  exptn/n*  fiti 


ment  and  demonstration  of  new  remote  sensors,  and  {a)  special  e.speriments 
impossible  or  impractical  by  other  means. 

The  difficulties  inherent  to  calibration  and  correction  for  long-term  dnh 
of  satellite  instruments,  m the  past,  has  presented  manifold  problems.  First, 
logistic  problems  associated  with  deployment  of  enough  ground  systems 
and  interrelating  their  independent  errors  imposed  severe  limitations.  A 
second  factor  is  that  ground  instruments  do  not  generally  measure  the 
same  quantities  as  satellite  instruments.  For  example,  a satellite  radiometer 
measures  a T*  integrated  over  the  enure  scene  m '..ew,  while  ground  truth 
data  are  restricted  usually  to  point  measurements  Thus,  at  least  cali- 
brations of  satellite  instruments  over  their  several  years  of  useful  lifetin.es 
and  the  ability  to  interrelate  succeeding  satellites,  is  a crucial  requirement 
at  least  for  NAS.A’s  emerging  Climate  Program.  The  Shuttle  can  fulfill  this 
requirement  by  penodic  flight  of  instr-menis.  calibrated  against  standards 
before  and  after  flight,  that  can  provide  comparative  measurements  at 
points  of  orbit  conjunction  with  the  satellites  when  identical  scenes  are  in 


view. 
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Monitoring  of  certain  slowly  varying  parameters  can  be  accomplished 
directly  by  regular  flights  in  conjunction  with  Shuttie-Spacelab  missions. 
The  requirements  for  measuring  the  solar  spectral  irradiance  can  be  met 
adequately  by  two  flights  per  year  spaced  at  six-month  intervals  (Fig.  S3). 
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Experience  with  the  Nimbus-6  ERB  instrument  substantiates  the  desirability 
of  continuing  total  solar  flux  measurements  at  six-month  intervals.  Such 
measurements  will  provide  an  independent  and  highly  calibrated  set  of 
data  by  themselves,  but  will  also  serve  to  interrelate  the  total  solar  flux 
measurements  of  the  ER8SI  proposed  for  TIROS-N.  Other  parameters 
that  can  be  directly  monitored  by  the  Shuttie-Spacelab  include  a number 
of  the  well  mixed  atmospheric  constituents,  ozone,  and  tropospheric  aero- 
sols. For  example,  annual  measurements  are  probably  adequate  for  CO: . 
CFMs.  NjO.  NO,,  and  CH4. 

The  Space'ab  will  aljo  provide  the  needed  facilities  to  develop,  test,  and 
demonstrate  new  remote  sensors.  These  include: 

1.  Sea  Surface  remperarwre— Improvements  that  appear  possible  include 
increased  signal-to-noise  ratios  and  additional  wavelengths  to  reduce 
errors  due  to  atmospheric  water  vapor  and  clouds. 
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2.  Vertical  Temperature  Profile— Accuracy  of  passive  sounding  below 
20>km  altitude  can  be  improved  with  measurements  at  4 /«m  and  with  band- 
widths  of  2 wave  numbers.  Active  Lidar  promises  even  higher  accuracy 
along  with  an  order  of  magnitude-improved  vertical  resolution. 

3.  Winds— Lidat  techniques  may  be  able  to  measure  wind  speed  and 
direction  in  cloud-free  regions. 

4.  Stratospheric  Aeroioft— Stellar  sources  provide  a large  number  of 
occultations  not  limited  to  the  ecliptic  plane,  so  that  reasonably  good 
coverage  of  stratospheric  aerosols  is  possible. 

5.  Tropospheric  Aerosols — At  present,  no  technique  exists  for  measuring 
tropospheric  aerosols,  but  a pulsed  lidar  system  is  believed  to  hold  promise. 

As  plans  are  formulated  for  the  development  of  these  instruments  (as 
well  as  any  others  that  may  yet  be  identified)  to  the  point  where  space 
flight  development  and  testing  can  be  visualized,  the  advantages  that 
Spacelab  can  provide  will  be  capitalized  upon  to  the  maximum  extent 
possible. 

There  are  two  particularly  important  special  experiments  in  the  area  of 
remote  sensing  that  are  especially  suited  to  the  Spacelab  capabilities.  These 
are  extended  cloud  physics  and  radiation  studies  and  p>recipiutioo  over 
land  and  water.  In  ^e  case  of  the  extended  cloud  and  radiation  studies 
i!  group  of  instruments,  including  two  separate  radiometers  and  a lidar 
system,  are  required.  In  the  case  of  the  precipitation  studies,  a microwave 
radiometer,  a visible  band  radiometer,  an  IR  radiometer,  and  a 10-cm 
radar  are  required.  A number  of  short  duration  flights  are  adequate  to 
meet  the  objectives  of  both  of  these  studies  and  Spacelab  offers  a unique 
capability  for  their  accomplishment. 

CoDcinsion 

The  meteorological  satellites  have  used  instrumentation  sensitive  to 
different  prartions  of  the  electromagnetic  spectrum  to  observe  and  measure 
atmospheric  and  surface  properties.  In  the  ultraviolet,  solar  variability 
has  been  measured  and  total  atmospheric  ozone  determined.  In  the  visible, 
imagery  of  cloud  systems  has  (a)  provide  better  location  of  storms  in  data- 
sparse  areas,  ib)  observed  ice  and  snow  boundaries,  and  (c)  monitored 
floods.  In  the  infrared,  sea  surface  and  cloud  top  temperatures  have  been 
measured  and  water  vapwr  flow  patterns  determined.  By  using  infrared 
CO:  absorption  bands,  centered  at  4.J  ^nd  IS  radiometers  have  cirived 
atmospheric  vertical  temperature  profiles.  Microwave  radiometer  measure- 
ments in  the  S-mm,  0:  absorption  bands  have  improved  these  atmospheric 
soundings  and  allowed  penetration  through  clouds.  Microwave  measure- 
ments near  1.55  and  0.8  cm  have  determined  rainfall  intensifies  over  the 
ocean,  snow  and  ice  boundaries  through  clouds,  and  have  provided  some 
indications  of  soil  moisture. 
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Goud  trtcking  from  geosynchronous  satellites  have  allowed  wind 
determinations  at  different  levels  from  which  important  properties,  such  as 
divergence  and  vorticity,  have  been  derived.  Geosynchronous  satellites  have 
also  monitored  the  development  and  motions  of  severe  storms  such  as 
hurricanes,  or  severe  thunderstorms  with  hail  or  tornados.  These  obser- 
vations and  measurements  have  not  only  increased  our  knowledge  of 
atmospheric  processes  but  have  also  been  used  operationally  in  short-term 
forecasting.  For  practical  use,  the  satellite  provides  observations  denser  in 
time  and  space  scales  than  any  national  network  of  surface  observing 
stations. 

Future  approved  satellite  missions  include  improved  resolutions  for  some 
of  the  foregoing  measurements,  but  also  include  new  experiments  such 
as  pollution  detection  and  9ceapographic  monitoring.  Proposed  satellite 
missions  include  STORMSAT,  a geosynchronous  satellite,  for  better  mon- 
itoring of  severe  storms  with  temperature  and  moisture  sounding  capabilities. 

A proposed  Gimate  Program  would  provide  observations  from  a system 
of  satellite  sensors  for  numerical  modeling  of  climate,  leading  to  a better 
understanding  of  climate  processes  and.  hopefully,  to  an  improved  capa- 
bility to  predict  climate  change. 
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ABSTRACT 

A Fourier  phaie  difference  technique  (or  cloud  motion  estimation  from  pairs  of  pictures  is  deKribed. 
This  technique  makes  use  of  the  phase  of  the  cross-spectral  density;  it  allows  motion  estimates  to  be 
made  for  individual  spatial  frequencies,  which  ate  related  to  cloud  pattern  dimensions.  Results  obtained 
using  this  technique  are  presented  and  arc  compared  with  the  results  of  a Fourier-domain  cross-correla- 
tion scheme,  using  both  artificial  and  real  cloud  data.  It  is  concluded  that  the  phase  difference  technique 
is  relatively  sensitive  to  the  presence  of  mixtures  of  motions,  changes  in  cloud  shape  and  edge  effects. 
Under  these  circumstances,  t< ' cross-correlation  scheme  yields  a more  reliable  estimate  of  cloud  motion. 


1.  Istroduction 

Sequences  of  high-resolution  photographs  from  satel- 
lites in  geossTichronous  orbit  have  been  utilized  by 
many  investigators  to  measure  cloud  motion  and 
derive  winds.  The  techniques  for  extracting  such 
information  range  from  a manual  analysis  of  closed 
“movie  loops”  (Fujita  et  d.,  1969;  Hubert  and 
Whitney,  1971)  to  completely  automated  methods  in 
which  the  images  and.  or  data  are  computer  processed 
but  selection  of  cloud  urgets  is  controlled  manually 
from  an  interactive  display  console  (Serebreny  et  d., 
1969;  Smith  and  Phillips,  1972). 

The  main  advantage  of  manual  and  semi-automatic 
methods  is  in  target  selection,  making  it  possible  to 
incorporate  a wide  variety  of  criteria,  not  necessarily 
defined  beforehand,  for  choosing  cloud  elements  repre- 
sentative of  atmospheric  motion.  These  criteria  are 
sometimes  related  to  the  size  of  the  cloud  element, 
the  idea  being  that  small  elements  move  with  the 
wind,  while  massive  elements  may  disguise  the  actual 
motion  of  the  atmosphere  due  to  cloud  formation 
and  deformation  processes. 

Early  studies  by  Leese  and  Epstein  (1963)  have 
shown  that  one  can  identify  the  predominant  dimen- 
sions of  cloud  patterns  by  a spectral  anal\'sis  of  satel- 
lite photographs.  Subsequently,  Leese  tt  d.  (1971) 
used  the  Fourier  transform  as  an  efiScient  computa- 
rional  tool  for  obtaining  the  cross  correlation  between 


' PreMst  siflliatioo : Computer  ScleocM  Cerp-,  Silver 
Spring,  Md. 


successive  cloud  cover  pictures,  from  which  cloud 
displacements  are  derived.  The  fact  that  displacement 
information  appears  separately  for  each  spectral  com- 
ponent in  the  Fourier  transform  of  the  cross-covariance 
function  was  pointed  out  by  Weinstein  (1972).  The 
combined  advantages  of  the  Fourier  transform — as  an 
efficient  computational  tool  for  measuring  displace- 
ment and  as  a means  for  extracting  cloud  pattern 
dimensional  information— have  motivated  the  present 
study  of  the  Fourier  transform  properties  of  real  and 
simulated  sequences  of  satellite  cloud  cover  pictures 
and  their  cross  correlations.  Specifically,  we  describe 
an  attempt  to  derive  winds  from  cloud  motion,  while 
dixriminating  with  respect  to  cloud  size. 

The  mathematical  aspects  of  the  Fourier  transform 
method  are  outlined  in  Section  2,  the  results  of  a 
simulation  study  are  presented  in  Section  3,  a pre- 
liminary experiment  with  real  pictures  is  described 
in  Section  4,  and  the  outlook  is  discussed  and  con- 
clusions dravMi  in  Section  5. 

2.  PropertiBS  of  the  Fourier  transform 

A function  defined  in  the  space  domain,  say  /(x,y), 
where  x and  y are  coordinates  in  a two-dimensional 
Cartesian  space,  can  be  transformed  into  a function 
in  the  frequency  domain  by  using  the  Fourier  trans- 
form F,  i e., 

[ f f{x,y)e~*^‘»'*’*^dxdymF{u,v),  (1) 
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Ftc.  Ic.  Grots  covtrisnce  of  the  images  in  la.  Zero  displacement  corresponds  to  the  upper  left  comer;  X displacement 
increases  to  the  right  and  Y displacement  increases  downward.  . 


where  m and  v are  frequency  domain  variables.  Con- 
versely, a function  in  the  frequency  domain  can  be 
transformed  into  the  space  domain  by  using  the 
inverse  Fourier  transform 


“-‘[f  («,«)]■  j j 


For  application  to  discrete  data,  the  Fourier  trans- 
form process  is  redefined  as 

1 if-i  .v_i  r /ux  vy\-\ 

1 sr-iAT-i  r /ux 

where  Sf  and  .V  are  the  sample  sizes  in  the  z and  y 
directions,  respectively. 


One  indication  of  the  relative  displacement  between 
successive  pictures  is  the  location  of  the  peak  of 
the  cross  covariance  of  the  two  images  (Leese  et  al., 
1971).  Letting  f{x,y'i  and  g(x,y)  represent  the  bright- 
ness distribution  of  the  two  images,  the  cross-covari- 
ance is  defined  as 


C/,(x,y) 


(5) 


The  Fourier  transform  provides  a fast  way  to  cal- 
culate the  cross-covariance  function.  From  Eqs.  (1) 
and  (2),  it  follows  that 

C/,(i,y)-F->CF*(u,v)G(«,r)l  (6) 

where  F*{u,v)  is  tJ'c  comple.x  conjugate  of  F{u,v)  while 
G(u,v)  is  the  Fourier  transform  of  g(x,y).  The  Fourier 
transform  of  C/„  namely,  F*C  is  called  the  cross 
spectral  density  of  / and  g.  The  positions  of  the 
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maxima  of  the  cross-covariance  function  determine 
the  relative  displacement  between  the  two  pictures. 
The  ratio  of  the  computer  times  required  for  the 
Fourier  transform  method  and  t . conventional 
method  of  calculating  the  cross  covariance  is  approxi- 
mately {.y  (Brigham  and  Morrow.  1967),  where 
.V  is  the  linear  sixe  of  the  array. 

If  the  discrete  version  of  the  Fourier  transform  is 
used  to  compute  the  cross  covariance,  as  in  (6),  the 
resulting  function  is  cyclic,  which  is  equivalent  to 
assuming  that  the  functions  in  the  space  domain  are 
periodic.  In  other  words,  the  Fourier  transform  method 
assumes  that  when  movement  of  objects  takes  place, 
what  moves  out  of  the  picture  at  one  boundar.-  must 
enter  at  the  opposite  boundarv-  Further  e.xamination 
and  discussion  of  this  assumption  is  presented  in 
Section  3. 

The  Fourier  transform  possesses  still  another  prop- 
erty which  makes  it  possible  to  take  a different  ap- 
proach to  the  estimation  of  motion.  .Assume  that 
uniform  translation  is  the  only  difference  between  the 
two  functions,  i.e„  o,  y— 6).  Then  from 


Fig.  If.  Scatter  plot  of  the  estiiMies  ia  te. 
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the  definition  of  the  Fourier  transform  in  Eq.  (1)  it 
follows  (Briggs,  1968)  that 

(7) 

The  Fourier  transform  at  a specific  frequency  (u,c) 
can  be  represented  by 

(8) 

where  |F|  is  the  amplitude  and  ^ is  the  phase  angle. 
Applying  the  same  representation  to  G(tt,v),  we  have 

C(u,,)-IF(u,v)l  (9) 

Thus, 

F>(u,v)G(u,v)  - 1 F(u,v)  I « y)]-  (10) 

The  term  F*(u,v)C(u,v)  is  complex  with  amplitude 
|F|*  and  phase  angle  — 2ir(fM+v6),  for  all  »’s  and  v’s. 
The  differences  between  the  phase  angles  of  two 
neighboring  frequencies  have  the  properties 

2r 

^(u,v)-^(u-hl,v)-—a,  (11) 


2r 

^(«,»)-^(tt,  t+1)— 4.  (12) 

iV 

We  thus  find  that  differences  in  phase  angle  between 
neighboring  terms  in  the  F*G  matrix  yield  x and  y 
components  of  displacement.  (When  referring  to  phase 
angles  in  the  examples  to  follow  the  factors  2r,  .1/ 
and  2r/iV  will  be  suppressed.) 

If  the  case  where  the  two  images  differ  only  in 


that  one  is  a uniform  translation  of  the  other,  the 
phase  differences  are  the  same  between  all  neighboring 
frequencies.  However,  when  the  displacement  between 
the  two  images  is  not  uniform — and  specifically  when 
displacement  is  different  for  features  with  different 
characteristic  dimensions— then  the  phase  angle  dif- 
ference will  be  a function  of  frequency.  In  the  fol- 
lowing sections,  we  will  examine  to  what  extent  the 
phase  angle  differences  continue  to  yield  estimates 
of  the  displacement  and  how  these  estimates  are 
related  to  the  size  of  features  in  the  image. 

3.  Simulation  studies 

A number  of  simulation  studies  were  conducted  to 
investigate  the  comparative  effectiveness  of  cross- 
correlation  and  phase  difference  techniques  for  esti- 
mating motion  (Lo  and  Parilch,  1973 ; Lo  ei  al,,  1974). 
In  particular,  cases  were  studied  that  involved  1)  dis- 
tortions such  as  rotation,  scale  change,  brightness 
change  and  noise,  in  addition  to  simple  translation; 
2)  mixtures  of  motion;  and  3)  edge  effects— objects 
moving  off  one  boundary  without  coming  back  in  at 
the  opposite  boundary,  so  that  the  displacements  are 
non-cyclic. 

It  was  found  that  if  these  conditions  were  not  too 
strongly  present,  both  techniques  yielded  reasonable 
estimates  of  the  motion  for,  in  mixture  cases,  esti- 
mates of  the  predominant  motion).  However,  as  the 
distortion,  mixture  or  edge  factors  become  stronger, 
performanc  began  to  deteriorate.  This  situaiif'n  ' 
illustrated  u the  simulations  shown  in  Figs.  ' 

In  Fig.  1 a large  mass  of  relatively  din,  is 
moving  at  a comparatively  slow  speed  (d'  ’ll.  ent 

components  Af-2  and  K*  1)  relative  to  smaller  o.ouds 
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Fto.  2a.  .\Balogo«is  to  Fif.  1,  but  for  liaac«  Mwinlarinf  die  motioo  of  two  Mts  of  clouds  with  the  same  bn|htneu  but  different 
displacements.  The  laift  mass  is  displaced  .Y«2,  Y and  the  two  smaller  mss'*!  are  displaced  .V >6.  1**0. 
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Fic.  2b.  Power  ipectrm  of  the  io  2e.  The  0)  componciu  is  in  cne  upper  left  comer,  with  wavenumber  increasinf 

downward  and  to  the  tight. 


of  higher  brightness  (X’-4,  F«6).  Fig.  U shows  the 
t«'o  pictures.  Fig.  lb  shows  their  power  spectra  and 
Fig-  Ic  show.’’  tjieir  cross-covariance,  which  has  a peak 
corresponding  i-j  the  -'.isplacement  (4,6)  of  the  higher 
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contrast  clouds.  Fig.  Id  shows  the  phase  angles  of 
the  Fourier  transform  product,  and  Fig.  le  shows  the 
resulting  X and  V displacement  estimates  from  the 
phase  difference  method,  obtained  by  taking  hori- 
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Ftc.  2c.  Ctota-covaiiaacs  of  tht  ioofts  in  2a.  Zero  displaceacot  comtponds  to  the  upper  left  comer;  A'  dispUcefflent 
tnemsea  to  the  ri^t  and  Y ditpUetaent  iaciiafee  downward. 


A.  ARKING.  R.  C.  '-0  AND  A.  ROSENFELD 
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Fic.  2d.  Phue  ansla  o(  die  crau  specttml  density  oi  the  two  tnisges.  The  (0.0^  component  is  in  the  upper  left  comer,  with 
wsvenumber  incnssin(  downwsrd  snd  to  the  ri^t.  (Note  that  a factor  ot  2r/16  is  suppressed.) 


zonul  and  vertical  differences  in  Fig.  Id.  Fig.  If  is 
a scatter  plot  of  these  estimates,  which  duster  around 
the  di^lacement  (4,6).  pDue  to  the  cydic  assump- 
tions in  the  Fourier  transform  method,  the  displace- 
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ments  arc  determined  modulo  the  image  dimension 
(16)  and  are  shown  in  the  range  —8  to  +8.j 
Fig.  2 is  analogous  to  Fig.  1 for  a pair  of  pictures 
(shown  in  Fig.  2a)  containing  two  sets  of  clouds  with 
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Fn.  U.  X and  F displAcanieat  estiinaus  derived  from  the  cioh  spectral  density. 
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Fic.  2{.  Scatter  plot  of  the  admates  in  2e. 

the  same  brightness  but  different  velocities,  repre- 
sented by  the  displacements  (6,0;  and  (2,1;.  Here  the 
cross  covariance  (Fig.  2c)  conesponds  to  the  dis- 
placement (2,2)  of  the  larger  clcud  mass;  but  the 
phase  difference  estimates  (Fig.  2e)  show  little  tend- 
ency to  duster  (Fig.  2f)- 

It  would  seem  from  these  e-tamples  that  the  phase 
difference  estimation  approach  is  more  sensitive  to 
the  presence  of  mixtures  of  motions  than  the  cross- 
covariance approach.  Similar  results  can  be  obtained 
by  studying  simulations  involving  edge  effects  and 
other  distortions.  The  details  can  be  found  in  the  two 
references  dted  at  the  beginning  of  the  section. 

4.  Experiments  with  real  dau 

Several  experiments  with  pairs  of  real  doud  windows 
were  also  carried  out,  as  described  by  Lo  «<  d.  (1974). 
The  windows  used  were  selected  from  ATS-1  geo- 
synchronous satellite  images,  taken  at  intervals  of 
47  min.  Each  window  is  64  by  64  pixels,  and  has 
been  scaled  to  the  gray  level  range  0 to  63. 

The  two  windows  shown  in  Fig.  3a  contain  relatively 
small  douds.  In  order  to  better  evaluate  the  synoptic 
environment  in  which  these  doud  patterns  are  em- 
bedded, two  larger  windows  (256  by  256  pixels)  con- 
taining the  smaller  windows  at  their  centers  are  shown 
in  Fig.  3b.  It  is  evident  that  the  douds  in  this  scene 
tend  to  dissipate  and  reform  relatively  fast,  so  that 
considerable  distortion  has  occurred  between  the 
frames.  Nevertheless,  many  of  the  cloud  patterns  in 
the  first  window  are  easil>’  recognizable  in  the  second. 
Based  on  such  patterns,  a hand  estimate  of  the  relative 
displacement  was  made  using  computer  printouts  of 


the  pictures  so  that  the  displacement  could  be  accu- 
rately measured.  The  estimated  di^lacement,  averaged 
over  several  doud  dements,  was  — 5,  Y « —3. 

The  phase  difference  method  applied  to  the  pair  of 
windows  in  Fig.  3a  gave  rise  to  a di^lacement  esti- 
mate of  (—12,  —4).  This  estimate  was  obtained  as 
follows:  X and  V di^Iacement  estimates  were  ob- 
tained for  each  spatid  frequency  component.  The 
means  and  standi  deviations  ot  these  estimates 
were  computed,  and  estimates  deviating  from  the 
mean  by  more  than  one  standard  deviation  were 
discarded.  The  mean  was  then  recomputed  for  the 
surviving  estimates,  and  was  used  as  the  final  estimate. 

The  cioss-co'/ariance  method,  on  the  other  hand, 
yielded  a displacement  estimate  of  (—6,  —3),  as  de- 
termined by  the  position  of  the  cross-covariance  peak. 
In  this  e.xample,  therefore,  the  cross-covariance  method 
yields  better  results  (assuming  the  hand  estimate  to 
be  most  reliable). 

An  attempt  was  made  to  improve  the  results  ob- 
tained from  the  phase  difference  method  by  applying 
it  to  selected  bands  of  spatial  frequencies,  rather  than 
to  all  frequencies.  The  following  results  w-ere  obtained: 

Band  Frequency  range  X Y 

a 5-8  2 

b -U  16 

c 10  $(»»+*»)»  $6*  -12  -4 

Note  that  the  last  result  is  the  same  as  that  obtained 
when  ail  frequencies  were  used,  and  that  those  results 
still  do  not  agree  very'  well  with  the  hand  estimate. 
The  cross-covariance  estimates  were  also  reevaluated 
using  only  selected  spatial  frequencies  (i-e..  the  cross 
spectral  density  F*G  was  computed,  the  frequencies 
outside  the  selected  band  were  suppressed,  and  the 
inverse  Fourier  transform  of  the  result  was  computed 
to  yield  a “filtered”  cross  covariance).  These  results 
were  as  follows: 

Frequency  Band  X Y 

a -6  -3.5 

b -5  -3 

c No  clearcut  peak 

Results  from  bar.ds  a and  b are  quite  close  to  the 
result  (—6,  —3)  obtained  when  no  filtering  was  used, 
an'd  also  agree  well  with  the  hand  estimate  (—5.  —3). 

5.  Discussion  and  conclusions 

The  results  of  the  e-xperiments  reported  here  indicate 
that  both  the  cross-c-'variance  and  phase  difference 
methods  can  be  good  estimators  of  motion  when  the 
objects  being  tracked  do  not  change  their  shape,  size 
and  orientation  to  more  than  a limited  degree.  These 
techniques  are  less  effective  when  a mixture  of  motions 
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Fn>.  i.  A p4u  of  imtfa  teiccted  is  in  eximpic  ftoni  the  ATS-1  satellitt.  {.».)  The  64XM  pixel  portion  o(  each  tmifc  Irom 
«hich  cloud  aooon  is  to  be  deterrained  ibl  The  surroundiaf  ires  (2S6  by  2$0  punls<  in  which  the  jai^es  in  Ji  art  ctn- 
trmll)  imbedded. 


exists,  unless  one  of  the  nrionons  is  strengiy  doirinsnt. 
These  properties  indicate  that  the  Fourier  transform 
phase  difference  estimation  .methods  should  be  reliable 
in  problems  such  as  landmark  matching,  where  the 
features  do  not  change  appreciably  as  viewed  in  satel- 
lite photographs.  In  the  atmosphere,  where  the  clouds 
grow,  dissipate,  rotate  and  move  relative  to  each 
ocher,  the  estimation  of  these  motions  using  Fourier 
transform  methods  is  not  reliable. 

The  main  obstacle  to  accurate  cloud  motion  estima- 
don  is  believed  to  be  the  presence  of  mixtures  of 
motions.  One  possible  way  to  solve  this  problem  is 
to  use  spatial  frequency  biterjig  to  separate  the 
mouoiis  of  different  t>T>es  of  cloud  features,  since 
cloud  sue  is  closely  related  on  the  one  hand  to  spatial 
frequency  and  on  the  other  to  cloud  motion.  The 
effort  to  separate  clouds  by  their  sues  through  fre- 
quency bitering  is.  however,  thwarted  by  the  fact 
that  for  real  pictures  each  c.-'mponent  in  the  frequency 
domain  is  a complicated  function  of  the  features  in 
the  space  domain.  Clcud  patterns  are  not  perfect 
sinusoidal  functions.  More  than  one  frequency  com- 
ponent is  aiwax-s  needed  to  represent  a cloud  element. 


and  conversely  a high-frequency  component  may 
receive  contributions  from  small  cloud  elements,  and 
also  from  sharp  comers  of  a large  cloud  elements. 
To  further  complicate  die  matter,  the  small  cloud 
element  or  sharp  comer  may  not  e.tisi  in  the  second 
picture  »ith  which  the  brst  picture  is  being  cor- 
related. It  is  not  found  possible  to  effectively  separate 
Cioud  tN'pes  by  spatial  frequency  bltenng. 

Another  possible  approach  to  separating  cloud  t>pes 
for  motion  estimation  purposes  is  to  segment  the 
cloud  cover  windows  using  thresholding  or  pattern 
classiheation  techniques  iLo  and  Mohr.  197-1.  Lo, 
19751.  The  brightness,  the  equivalent  blackbody  tem- 
perature in  various  regions  of  the  infrared  spectrum 
and  the  sue  of  clouds  are  ail  closely  related  to  the 
altitude  of  the  clouds.  Since  clouds  at  certain  altitudes 
in  a limited  region  tend  to  move  at  the  same  velocity, 
thresholding  technique',  could  be  designed  to  separate 
clouds  according  to  their  bnghtness  and  or  spectral 
equivalent  black  body  temperatures.  Picture  anaii'sis 
techniques  which  determine  cloud  sue  should  also  be 
investigated  for  tic  separation  of  clouds. 

It  can  be  concluded  from  this  study  that  a tech- 
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nique  which  sep«ntes  clouds  according  to  their  mo- 
tions must  be  designed  and  utilized  to  pre-process 
a picture  b^ort  applving  Fourier  transform  motion 
estimation  techniques  such  as  the  cross-covariance  and 
phase  difference  methods.  In  the  absence  of  such 
separation,  the  cross-covariance  method  yields  a more 
r^ble  estimate  of  motion  than  the  phase  difference 
method. 

Acknowledgments.  This  research  was  supported  by 
NASA  under  Grant  NGR-21-002-378.  The  authors 
are  indebted  to  JoAnn  Parikh  and  Jeffrey  Mohr  for 
the  programming  effort  involved  in  this  study,  and 
the  help  of  Mrs.  Shelly  Rowe  in  preparing  this  paper. 

REFERENCES 

Btifp.  B.  K.,  1968:  On  the  analysis  o(  moving  patterns  in 
geophysics — I.  CorRlation  analvsis.  /.  Almas.  Ttrr  phys.. 
30.  1777-1788. 

Brigham,  E.  O.,  and  R.  E.  Morrow.  1967 . The  last  Founer 
tiaoaform.  IEEE  Sptetrum,  4,  No.  12.  63-70. 

Fujita.  T.,  K.  Watanabe  and  T.  Izawa,  1969  Formation  and 
stnictuR  of  equatorial  anticyclones  caused  by  large-scale 
ctoei  aqua  tonal  Bows  detrrmiaed  bv  .4TS-I  photographs. 
J.  Affl.  Jitimr..  8,  649-667. 

Hubert,  L F.,  and  L.  F.  Whitney.  Jr.,  1971  Wind  estimation 
from  geostationary  uteUite  pictures,  ifan.  ll'ro.  Rev.,  99, 
66S-672. 


Leese,  J.  A.,  and  E.  S.  Epstein,  1963;  .Application  of  two-dimen- 
sional spectral  analysis  to  the  quantification  of  satellite 
cloud  photographs.  /.  Appt.  ifttmr..  2.  629-644. 

, C.  S.  Novak  and  B.  B.  Clark,  1971:  .-An  automated  tech- 
nique for  obtaining  cloud  motion  from  geosynchronous 
satellite  data  using  cross  correlation.  J.  .ippl.  Sftttor.,  10, 
118-132, 

Lo,  R.  C..  197S:  The  application  of  a thresholding  technique 
in  cloud  motion  estimation  from  satellite  observ'ations. 
Tech.  Rep.  337,  Computer  Science  Center,  University  of 
Maryland. 

, and  J.  Mohr,  1974:  .Applications  of  enhancement  and 

thresholding  techniques  to  Fourier  transform  cloud  motion 
estimation.  Tech.  Rep  326,  Computer  Science  Center,  Uni- 
versity of  Maryland. 

, and  J.  .A.  Parikh,  1973;  .A  study  of  the  application  of 

Fourier  transforms  to  cloud  movement  estimation  -from 
satellite  photographs.  Tech.  Rep.  242.  Computer  Science 
Center,  University  of  Maryland. 

, and  J.  .V  Parikh.  1974;  .Applications  of  Fourier 

transform  methods  of  cloud  movement  estimation  to  simu- 
lated and  satellite  photographs.  Tech.  Rep.  292,  Computer 
Science  Center.  University  of  Maryland. 

Serebreny.  S.  M..  R.  G.  Hadfieio.  R.  M.  Trudeau  and  E.  J 
Wiegman.  1969;  Comparison  of  c'.oud  morion  vectors  and 
rawinsonde  data.  Final  Rep..  Contract  E-193-6S  (NESC. 
ESS-Al.  Stanford  Research  Institute.  33  pp. 

Smith.  E.  .A.,  and  0.  R.  Phillips,  1972 . .Automated  cloud  tracking 
using  precisely  aligned  digital  .ATS  pictures.  IEEE  Trans. 
Campus..  21.  715-729. 

Weinstein.  F.  S..  1972 ; .An  advantageous  method  of  performing 
cross-correlational  analysis.  Prae.  IEEE,  60,  449-450. 


Paper  113 


Reprinted  from  Joiunai.  of  thk  At\io>pheru.  Suence.<.  Vol.  36,  No.  7,  jul/  1979 

Amencan  MctcorolotKtl  Society 
Printed  in  U.  S.  A. 

A Stability  Theorem  for  Energy-Balance  Climate  Models 

Robert  F.  Cahacan*  and  Ger.->.i.d  R.  North* 

Physict  Dtpartment,  University  of  Missouri,  Si.  Louis  63121 
(Mmnuscripi  received  29  August  1978,  in  final  form  IS  March  1979) 

ABSTRACT 

This  paper  treats  the  stability  of  steady-state  solutions  of  some  simple,  latitude-dependent,  energy- 
balance  climate  models.  For  north-south  symmetric  solutions  of  models  with  an  ice-cap-type  albedo  feed- 
back. and  for  the  sum  of  horizontal  transport  and  infrared  radiation  given  by  a linear  operator, 
it  is  possible  to  prove  a '•slope-stability”  theorem;  i.e. , if  the  local  slope  of  the  steady-state  iceline  latitude 
versus  solar  constant  curve  is  positive  (negative)  the  steady-state  solution  is  stable  (unstable).  Certain 
rather  weak  restrictions  on  the  albedo  function  and  on  the  heat  transport  are  required  for  the  proof, 
and  their  physical  basis  is  discussed  in  the  text. 


1.  Introduction 

Thf!  parallel  study  of  climate  models  within  a hier- 
archy of  models  of  increasing  complexity  is  now  a 
well-established  strategy  in  climate  theory  [for  a dis- 
cussion see  the  review  of  Schneider  and  Dickinson 
(1974)].  One  hopes  that  some  features  will  be  com- 
mon to  all  models  from  the  simplest  zero-dimen- 
sional globally  averaged  models  to  the  most  complex 
three-dimensional  general  circulation  models.  The 
one-dimensional  Budyko-Sellers  models  have  proven 
to  ly  .'seful  in  exploring  such  properties.  For  ex- 
ani^.e,  the  catastrophic  transition  to  an  ice-covered 
planet  if  the  solar  constant  is  lowered  by  a few  per- 
cent was  first  discovered  independently  by  Budyko 
(1968,  1969)  and  Sellers  (1969)  and  appears  to  be 
common  to  a large  variety  of  more  complicated 
models  (c.g..  Tcmkin  and  Snell.  1976)  ranging  up  to 
general  circulation  models  ( Manabe  and  Wether^d. 
private  communication). 

n e r jrposc  of  this  paper  is  to  sketch  the  proof 
of  a ability  theorem  for  a large  class  of  energy- 
*^.R'qnce  climate  models.which  include  the  Budyko- 
Lellers  models.  The  linear  stability  analysis  of  solu- 
tions of  several  individual  models  in  the  class  has 
been  given  previously  by  a number  of  investigators 
(Schneider  and  Gal-Chen.  1973;  Held  and  Suarez. 
1974;  North.  1975a,b;  Ghd.  1976;  Su  and  Hsieh. 
1976;  Fredericksen.  1976;  Orazin  and  Griffel.  1977; 
Nonh.  197T).  In  addition,  approaches  to  the  full  non- 
line?” subility  problem  have  been  suggested  by  Ghil 
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(1976)  and  Nonher  al.  (1979).  Our  theorem  clarifies 
the  central  result  of  these  studies,  and  applies  to  a 
larger  class  of  mean  annual  models  than  those  repre- 
sented above. 

We  shall  not  dwell  on  the  well-known  assumptions 
and  limitations  inherent  in  the  Budyko-Sellers  ap- 
proach, since  these  have  been  adequately  discussed 
in  the  recent  literature.  We  shall  stan  by  motivating 
our  study  with  a simple  example  in  this  section.  In 
Section  2 we  proceed  to  obtain  formal  solutions  to 
the  class  of  models  being  considered.  In  Section  3 
we  derive  the  so-called  slope-stability  theorem  for 
that  class. 

We  first  consider  a very  simple  model,  variants 
of  which  have  been  discussed  recently  by  several 
authors  (Sellers,  1974;  Crawfoord  and  K^len,  1978; 
Fraedrich,  1978).  The  model  is  a zero-dimensional 
energy-balance  model  (globally  averaged)  which 
may  be  defined  by 

d 

C — To  + I{Ta)  Qa(T^).  (1.1) 

at 

where  C is  the  heat  capacity  per  unit  area..  To  the 
globally  (and  annually)  averaged  temperature,  HT.,) 
the  infrared  radiation  rate,  Q the  solar  constant  di- 
vided by  4,  and  d(To)  the  globally  (and  annually) 
averaged  co-albedo,  which  is  presumed  to  be  a func- 
tion of  To  because  of  the  ice-cap  albedo  feedback. 
The  steady-state  solutions  to  (l.l)  are  easily  ob- 
tained by  setting  didt  to  zero  and  solving  the  re- 
sulting algebraic  relation  for  To  as  a function  of  Q. 
For  a given  Q there  are  typically  several  roots,  as 
illustrated  by  the  solution  curve  in  Fig.  1 , obtained 
from  a model  with  a linear  infrared  law  and  a cubic 
co-albedo. 
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In  order  to  exanune  the  linear  Stability,  let  To  « IS 
+ 8{r),  where  H is  a solution  to  the  steady-state 
problem.  Then  to  the  first  order  in  S(f), 

cm  + (/'  - ea')«(/)  » 0.  (1.2) 

where  a prime  denotes  the  derivative,  evaluated  at 
To  ® T§.  T e stability  is  determined  by  the  sign  of 
the  expi*ession  in  parentheses.  This  sign  can  be  ex- 
pressed in  terms  of  the  slope  of  the  solution  curve 
C(Ta),  as  follows.  Differentiating  the  steady-state 
equation/  ^ Qd  and  substituting.  Eq.(  1.2)  becomes 

C^r)  + -^dS(f)  = 0 (1.3) 

(/To 

This  last  equation  embodies  the  “slope-stability” 
theorem 

> 0 *-*  stability 

[ (1.4) 

< 0 «-•  instability  I 
(/To  j 

The  theorem  is  easily  interpreted  since  branches 
with  negative  slope  have  an  apparent  negative  heat 
capacity  and  are  therefore  unphysical.  Budyko 
(1972)  advanced  a heuristic  argument  along  these 
lines  as  a stability  proof,  but  it  is  not  obvious  that 
it  applies  to  systems  with  spatial  extension.  One 
such  e.xample  is  a model  of  a star  like  t.he  sun  which 
has  uniform  temperature,  is  held  together  by  its  own 
gravity,  and  a heat  balance  is  maintained  by  nuclear 
reactions  in  the  interior  and  blackbody  radiation  at 
the  surface.  Increase  of  the  heating  rate  leads  to  an 
increased  radius  and  a cooler  star  (Nauenberg  and 
Weisskopf,  1978).  We  presume  such  a star  is  stable. 
Counterexamples  like  this  suggest  that  when  possi- 
ble we  should  construct  rigorous  proofs  for  stability. 
Moreover,  rigorous  mathematical  results  should 
help  physical  insight  advance  into  still  uncertain 
areas  of  climate  theory. 

This  paper  concentrates  on  one-dimensional  en- 
ergy-balance models  which  retain  the  sine  of  the  lati- 
tude, a:,  as  the  single  spatial  variable.  Hemispheric 
symmetry  is  assumed,  so  that  only  values  ofx  from 
0 to  1 need  to  be  considered.  The  horizontal  trans- 
port and  infrared  radiation  laws  are  assumed  to  be 
represented  by  operators  which  arc  linear  in  the 
temperature  field,  and  whose  sum  has  an  inverse 
with  certain  physically  reasonable  properties.  Rather 
than  assuming  an  explicit  tempieraturc  dependence 
for  the  co-albedo  as  in  the  global  model  (1.1),  an 
implicit  temperature  dependence  is  introduced 
through  a parameter  the  sine  of  the  latitude  of 
the  ice  cap  edge;  this  edge  is  assumed  to  be  attached 
to  a given  isotherm.  We  shall  consider  only  tempera- 
ture fields  having  a unique  x„  and  further  assume 
that  the  temperature  decreases  northward  across ,(,. 


Fic.  I.  Global  average  temperature  as  a function  of  the 
solar  constant  Q un  units  of  the  present  value  Q,).  obtained 
from  a global  model  having  a globally  and  annually  averaged 
co-albedo  depending  on  T,  due  to  ice  cap-albedo  feedback,  as 
discussed  in  the  text  The  crosses  indicate  three  solutions  cor- 
responding to  the  present  value  of  the  solar  constant. 

Just  as  the  multiple  solutions  of  the  global  model 
for  a given  solar  constant  are  specified  by  the  value 
of  To,  the  different  solution  branches  of  the  one- 
dimensional models  are  completely  specified  by  the 
value  of  .r,.  Fig.  2 shows  an  example  of  an  exact 
solution  to  a specific  model  of  this  type  (North, 
1975a).  A given  point  on  the  curve  corresponds  to 
a unique  temperature  field.  We  shall  prove  a stability 
theorem  related  to  the  sign  of  the  local  slope  of  this 
graph.  Drazin  and  Griffel  (1977)  have  found  that  un- 
der certain  circumstances  there  can  exist  north- 
south  unsymmetrical  solutions.  In  such  cases  more 
than  .r,  and  Q would  be  required  to  specify  a given 
solution  and  our  theorem  does  not  hold. 

The  outline  of  the  paper  is  as  follows:  Section  2 
employs  the  formalism  of  linear  operators  and  their 
corresponding  Green’ s functions  to  construct  steady- 
state  solutions  to  the  model  equations,  and  to  denve 
a transcendental  equation  whose  roots  determine 
the  stability  of  these  solutions.  Section  3 estab- 
lishes the  slope-stability  theorem  by  showing  that 
the  sign  of  the  minimum  root,  which  determines 
whether  perturbations  will  grow  in  time  or  decay 
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Fig.  2.  A graph  of  (h«  tin«  of  the  latitude  of  the  iceline,  x„ 
aa  a (unction  of  the  aolar  constant  Q (in  units  of  the  present 
value  Qi)  obtained  from  a zonal  model  having  diffusive  heat 
transport,  as  discussed  by  North  (1975a).  The  co-albedo  depends 
on  the  temperature  field  implicitly  via  x„  which  is  attached  to 
an  isotherm.  Multiple  soluuons  correspond  to  a given  value  of 
the  solar  constant  but  different  values  of  x,. 


back  to  equilibrium,  is  identical  to  the  sign  of  the 
slope  of  the  solution  curve  x,[Q)  at  the  point  which 
corresponds  to  the  particular  temperature  field  being 
perturbed.  Also  discussed  in  Section  3 are  the  as- 
sumptions for  this  theorem,  its  relation  to  the  in- 
finite instability  of  small  ice  caps  found  in  some 
cases  (indicated  by  the  cusp  near  .t,  * 1 in  Fig.  2), 
and  its  relation  to  the  formulation  in  terms  of  7, 
rather  than  x,.  Section  4 gives  a brief  discussion  of 
results  and  concludes  the  paper.  Two  appendices 
are  devoted  to  special  cases:  Appendix  A treats  the 
Green’s  functions  of  the  Budyko  and  diffusive 
models.  Appendix  B the  stability  for  a step-function 
albedo. 

2.  Steady-state  solutions  and  stability  eigenvalues 

The  class  of  models  considered  may  be  defined 
in  terms  of  their  corresponding  energy  balance 
equation 


We  may  illustrate  the  various  terms  in  (2.1)  with 
some  specific  examples.  In  the  diffusive  transport 
model  of  North  (1975a,b) 

» - —0(1  - 7(.r)  + BT(x)  (2.2) 

dx  dx 

andyix)  « A = constant.  The  first  term  here  takes 
account  of  the  heat  transported  by  transient  eddies, 
and  A + BT  is  Budyko’ s infrared  law.  A mean  cir- 
culation term  v{x)  VT  as  in  Sellers  (1969)  might  also 
be  included,  as  well  as  possible  latitude-dependence 
inD,A  andB.  In  the  Budyko  model  (Budyko,  1%9; 
Chylek  and  Coaklcy,  1975) 


i{71(x)  = y 


dv[8(x  - y)  - l]7(y)  B7(.t) 


= y(7(x)  - 7,)  + BTix),  (2.3) 


and  again /(.t)  = A. 

The  co-albedo  in  the  solar  input  term  on  the  right- 
hand  side  (RHS)  of  (2.1)  has  often  been  assumed 
to  be  discontinuous  at  x = x,,  or  as  a function  of 
temperature  it  is  taken  as  discontinuous  at  a given 
iceline  value  7,.  These  are  equivalent  formulations. 
However,  there  is  no  observational  evidence  for  such 
a sharp  transition.  Even  neglecting  the  effect  of 
clouds  and  seasonal  snow  cover,  we  may  expect 
that  the  zonal  average  of  an  iceline  having  large 
longitudinal  variations  such  as  Earth's  would  intro- 
duce corsiderable  smoothing.  Previous  proofs  of  the 
stability  theorem  have  been  restricted  to  the  step 
function  co-albedo  discussed  in  Appendix  B.  Unless 
otherwise  stated  we  shall  regard  the  source  terms 
in  (2.1)  as  smooth  functions  of  .x.  As  examples  of 
smooth  co-albedo  functions  one  might  generalize 
the  step  function  of  Appendix  B to  include  a linear 
transition  of  width  Ax,  around  .r,,  or  simply  replace 
itw!thasmoothfunctionsuchastan/i((.r  - .t,)iA.T,]. 
The  presence  of  other  feedback  mechanisms,  such 
as  variable  cloudiness,  might  also  require  some  ex- 
plicit temperature-dependence  in  the  co-albedo 
which  cannot  be  directly  formulated  in  terms  of  lati- 
tude, and  we  shall  exclude  such  processes  here. 

In  addition  to  (2.1)  it  is  necessary  to  specify  the 
iceline  condition 


7[7r](x)  +yix)  - C5<.r)a(x,x,).  (2.1) 


7f(x,)  * 7„ 


(2.4) 


Here  Ts(x)  is  the  equilibrium  (sea  level)  temperature 
field,  y(x)  a given  positive  function  associated  with 
the  outgoing  radiation  rule,  (2  the  solar  constant 
divided  by  4. 5(x)  the  mean  annual  normalized  solar 
distribution  reaching  the  top  of  the  atmosphere. 
a(.t,x,)  the  co-albedo  which  is  a function  of  the  sine 
of  the  latitude,  x,  and  the  sine  of  the  latitude  of  the 
ice  cap  edge.,  x,.  I is  a linear  operator  representing 
horizontal  transport  and  the  part  of  the  infrared  rule 
which  is  linear  and  homogeneous  in  7(x). 


where  7,  has  a fixed  value  (Budyko.  1969)  usually 
taken  to  be  -10*C.  This  condition  introduces  non- 
linearity into  the  model.  Finally,  we  specify  the 
boundary  conditions  such  that  no  net  heat  flows 
across  the  equator  (north-south  symmetry),  x * 0. 
or  into  the  pole,  x = 1.  In  what  follows  it  is  neces- 
sary to  assume  that  a Green's  function  G,,  for  L 
exists  satisfying  the  boundary  conditions  and 

7[<xol(x.y)  * 5(x  - y),  t2.5) 
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where  5(.r  - y)  is  the  Dirac  function.  The  existence 
of  Co  limits  the  class  of  operators  L,  but  this  is 
not  a severe  restriction  since  any  physical,  linear 
system  such  as  the  ones  we  consider  should  have 
a unique  response  to  a localized  heat  source. 

As  an  example  for  the  case  of  diffusive  transport, 
L - Lo  given  by  Eq.  (2.2),  we  may  construct  Go(x,y) 
explicitly 


G?{.r,y) 


^ fn(x)fn(y) 


(2.6) 


where /.(.t),  n = 0,  1,  2,  ....  are  the  orthonormal 
eigenfunctions  of  Ld.  and  •>  0 are  the  correspond- 
ing discrete  eigenvalues.  [Ghil  (1976)  has  shown  that 
standard  Sturm-Liouvillc  results  apply  here.]  ForD 
constant,  the  eigenfunctions  are  just  the  even-in- 
dexed, normalized  Legendre  polynomials.  (2/ 
+ l)*'’P,(-r).  and  Z.,  = D/(/  -h  1)  -h  with  / = 2n. 
In  this  latter  case  a closed  form  can  be  found  for 
C?  in  terms  of  hypergeometric  functions.  The  spec- 
tral form  (2.6)  is  discussed  in  Appendix  A along 
with  its  counterpart  for  the  Budyko  model. 

Returning  to  the  general  case,  the  equilibrium  tem- 
perature field  is  given  by  the  nonlinear  integral 
equation 


dyGoix ,y)[QS{y)a(y.x,)  - /(.v)], 

.0 


(2.7) 


where  Te{x)  enters  the  inregrand  through  x,. 
Evaluating  (2.T)  at  .r  = r,  yields 


T. 


dyGa(x,,y)[QS(y)a(y  ,x,)  -/(>•)].  (2.8) 

0 


For  a given  .r,,  Eq.  (2.8)  states  that  Q is  deter- 
mined; in  fact,  we  may  solve  for  it  and  obtain 


T,  j dyGoix,,y)f{y) 

Q » Q(.x,)  = . (2.9) 

I dyGo(x,,y)S{y)a{y  ,x,) 

Jo 


From  Eq.  (2.9)  we  have  the  desired  relationship  be- 
tween .r,  and  Q,  so  that  we  may  plot  a graph  like 
that  in  Fig.  2.  Given  values  .r,  and  Q,  we  may  com- 
pute the  unique  temperature  field  Tgix)  correspond- 
ing to  them  from  (2.7).  Hence,  the  steady-state  prob- 
lem is  formally  solved. 

For  a fixed  value  of  the  solar  constant,  we  con- 
sider now  a small  perturbation  of  the  temperature 
field  about  the  steady-state  solution,  and  apply  the 
standard  linear  stability  technique.  The  variation  in 
temperature  will  also  produce  a variation  in  ice  cap 
size  through  the  ice-albedo  feedback  mechanism 
(provided  0 < .r,  < 1;  special  cases  .t,  = C,  1 will  be 
treated  separately).  Thus  in  addition  tc 


we  must  also  have 

x,(t)  = x,  + 6x,(t),  (2.11) 

where  the  ice  cap  variation  8x,  may  be  determined 
in  terms  of  67  by  expanding  the  icclinc  condition 
to  first  order  in  the  small  quantities.  To  first  order 
in  8.r,  and  67  we  have  the  temperature  at  the  per- 
turbed iceline 

i dT  \ 

7(.r,  + Sx,,i)  = T{x,j)  +■  l^-^j  8x, 

- 7f(.r,)  8T{x„t)  T'g8x, 

where  7j  is  {dTsldx)x.x,-  Due  to  the  iceline  condi- 
tions 7(.r,  -r  Sx,,  t)  = T,  = 7f(.r,).  the  lowest  order 
terms  cancel,  and  we  have 

6x,  = Snx„r}/[-n).  (2.12) 

Ice  cap  models  for  which  x,  may  be  defined  must 
have  7/.(.t)  decrease  as  we  cross  to  the  north  of  the 
iceline  so  that  7i-  < 0.  Thu.*:  '.q.  (2.12)  says  that  a 
positive  variation  in  temperature  away  from  equilih- 
num  causes  the  ice  cap  to  shrink,  and  the  amount 
of  shrinkage  is  inversely  proportional  to  the  tempera- 
ture drop  across  the  equilibrium  iceline.  The  depend- 
ence on  the  temperature  drop  becomes  clear  if  we 
picture  the  neighborhood  of  the  iceline  having  a lin- 
ear falloff  in  7f  and  constant  67.  Thus  in  order  for 
x,  to  follow  an  isotherm,  we  need  67'6.t,  = I slope  j . 
Note  that  in  writing  Eq.  (2.12)  we  have  implicitly 
assumed  that  T'e  exists,  which  may  not  hold  when 
the  source  terms  have  a discontinuity  and  L con- 
tains integral  operators  as  in  the  Budyko  caoi.  No 
discontinuities  in  temperature  arise  in  Sturm-Liou- 
ville  type  problems,  but  in  other  cases  it  may  be 
necessary  to  smooth  the  source  terms. 

The  allowed  temperature  variations  are  deter- 
mined by  the  requirement  that  the  time-dependent 
energy  balance  equation  must  be  satisfied  to  first 
order  in  the  small  quantities.  Expanding 

dT 

C — ixj)  + Z,[7](x,/) 

dt 


= gSlxifll-r,  .t,  -»•  8x,)  - fix) 

to  first  order  in  8x,  and  67  and  eliminating  Tg  by 
employing  Eq.  (2.1)  leads  to 

d 

C — 57(.t,;)  f Z,[67](.r.;) 
dt 

= QSix)0'>ix.x,)8x,,  (2.13) 

where  flj  indicates  6a(j:..r,)/6x,.  If  we  substitute  Eq. 
(2. 12)  for  the  iceline  shift,  we  have  a linear  equation 
in  ST(x,t)  which  has  solutions  of  the  form 


T(x.t)  m Teix)  ^ 5T(x,t).  (2.10) 


67(x,r)  - 67(.r)e-'"<-'.  (2.14) 


1ft 


dr 
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Substituting  (2.14)  into  Eq.  (2. 13)  and  cancelling  ex- 
ponentials, we  obtain  for  ST(x)  the  equation 

(I  - X)[6r](j:) 

- QSix)at{x,x,)Snx,y{-n).  (2.15) 

The  possible  values  of  the  parameter  X,  the  “stability 
eigenvalues”  X,  of  this  equation,  determine  the  sta- 
bility of  the  equilibrium  solution  Tb(x)  under  a per- 
tuibatiun  given  by  the  associated  eigenfunction 
6T,(x).  If  any  of  these  perturbations  (modes)  have 
an  eigenvalue  with  a negative  real  part,  the  equi- 
librium state  is  unstable.  Equilibrium  states  having 
all  ReX,  > 0 return  to  equilibrium  with  a decay  time 
~C/ReXn,in- 

Eq.  (2. 15)  is  an  important  tool  in  the  study  of  linear 
stability  and  has  been  previously  analyzed  for  a num- 
ber of  simple  climate  models.  [See  for  example  the 
appendix  of  Drazin  and  Griffel  (1977)  where  the  sta- 
bility eigenvalue  equation  for  the  diffusion  model 
with  step-function  albedo  is  given  by  Eq.  (A6).]  Our 
interest  here,  however,  is  not  in  determining  the 
stability  of  a given  solution  to  a given  model.  Instead 
we  wish  to  relate  the  stability  of  such  a solution 
to  the  sign  of  the  slope  of  the  steady-state  iceline 
function  at  the  point  corresponding  to  thai  sulLition. 

We  proceed  by  first  eliminating  the  eigenfunctions 
from  (2.14)  in  order  to  obtain  a scalar  transcendental 
equation  whose  roots  give  the  stability  eigenvalues. 
In  the  next  section  we  then  relate  these  roots  to 
properties  of  the  steady-state  solution  whose  sta- 
bility is  being  tested. 

We  may  define  a Green’*  function  G^,  which  is  a 
generalization  of  Go  in  Eq.  (2.5)  and  satisfies 


-T’s  = dyGx(x„y)[CS(y)a2(y,x,)l.  (2.19) 

.» 


On  the  other  hand,  if  we  differentiate  (2.7)  and 
evaluate  the  result  at  x ac  x„  we  obtain  an  equivalent 
expression  for  the  slope  of  at  the  iceline; 


(x„y)ldx 


$ 


X [GS(y)a(y..t.)  -/(y)]. 


(2.20) 


Similarly  we  may  differentiate  (2.8)  with  respect  to 
X,,  noting  that  the  first  term  on  the  RHS  after 
differentiation  is  just  given  by  (2.20).  Since  T,  is 
constant  we  obtain,  after  substitution. 


dyGoix„y)  -^[QS(y)a{y,.x,)]. 
Jo  9x, 


(2.21) 


In  the  differentiation  on  the  RHS  of  (2.21)  we  must 
allow  Q to  depend  on  x,.  Substituting  the  result  into 
Eq.  (2.19)  and  combining  the  terms  involving 
at(y,x.)  yields 


Q dx. 

where 


dy[G>Xx„y) 

- Go(x,,y)]5(y)a,(y  ..t,). 


K. 


•I 

.0 


dyCo(j:,,y)5(y)a(y,j:,). 


(2.22) 


(2.23) 


If  we  subtract  Eq.  (2.5)  frx)m  (2.16)  and  use  the 
linearity  property,  we  obtain 

i(Cx  - Go](j:.y)  = XCx(x.y).  (2.24) 


(Z.  - X)[GJ(x,y)  - S(j:  - y).  (2.16) 

along  with  the  boundary  conditions  at  x * 0,  1 . We 
may  think  of  G^  as  a function  of  the  continuous 
parameter  X e .xcept  at  the  eigenvalues  of  L where  it 
is  not  defined.  For  the  diffusive  case  Gx  may  be 
constructed  explicitly: 

GxV.y)  » (2.17) 

«-o  — X 

where  we  have  used  the  notation  of  Eq.  (2.6)  (cf. 
also  Appendix  A).  From  Eq.  (2.17)  one  sees  directly 

that  G^  is  singular  at  X » Z,,,  » 0,  I,  2 In 

fact,  in  these  examples  it  is  a meromorphic 
function  of  x with  simple  poles  at  I,. 

Now  the  stability  equation  (2. 15)  may  be  rewritten 
in  the  form 


so  that  the  term  appearing  in  square  brackets  may 
be  rewritten  as 


Gx(x,y)  - GgCr,y) 


X 


dzGni.x,zY3^(z,y). 

. 0 


(2.25) 


Substituting  this  expression  into  Eq.  (2.22)  gives  the 
final  fonn  of  the  eigenvalue  equation  as 


-^^=XF-(X),  (2.26) 

Q dx, 


where  the  roots  Xj  are  determined  by  the  properties 
of  the  function  f(X),  defined  by 


F(X) 


•1 

0 


dzGoix,,z) 

Gx(r.y)S(y)aj(y.x,). 


(2.27) 


5T(x)  = j dyGdx,y) 

lQS(y)at(y,x,)8T{x,y{-n)],  (2.18) 

where  the  boundary  conditions  are  incorporated 
into  G^.  By  evaluating  this  expression  atx  ■ x,  we 
may  cancel  ST(x,)  and  obtain  a formula  for  Tg,  i.e.. 


f(X)  depends  on  X through  Green’s  function  Gx  de- 
fined by  Eq.  (2.16).  For  a given  climatic  state 
7e(x;  Q),  represented  by  a single  point  (x,,Q)  on  an 
iceline  curve  such  as  in  Fig.  2,  the  left-hand  side  of 
Eq.  (2.26)  will  be  fixed.  Thus  (2.26)  is  a transcen- 
dental equation  for  X;  the  climate  TgU:  Q)  will  be 
stable  only  when  there  are  no  roots  X of  (2.26)  having 
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a negative  real  part.  In  the  next  section  we  shall 
argue  that  for  physically  reasonable  models,  the  sign 
of  the  real  part  of  the  smallest  value  of  X is  identical 
to  the  sign  of  the  iceline  slope,  dQldx,. 

3.  Slope-stability  theorem 

In  the  previous  section  we  derived  a transcen- 
dental equation  whose  roots  X>  are  the  stability  eigen- 
values. If  the  lowest  eigenvalue  has  a positive  (nega- 
tive) real  part,  the  system  is  stable  (unstable).  In  this 
section  we  shall  argue  that  for  a certain  class  of 
models  the  slope-stability  theorem 

do 

~ > 0 <-♦  stability 
dx, 

< 0 <-»  instability 
dx, 

follows  from  the  properties  of  the  eigenvalue  equa- 
tion (2.26).  First,  we  state  the  main  assumptions 
which  limit  the  class  of  models  considered.  Aside 
from  the  assumption  of  north-south  sy  .nmetric  solu- 
tions where  the  single  index  x,  may  be  used  [implicit 
is  also  the  assumption  that  Tg(x)  is  decreasing  atx 
» X,],  we  impose  the  following  conditions; 

(i)  The  feedback  is  of  the  ice-cap  type.  Specifically 
at(x,x,)  » 0 for  all  X,  jt,  between  0 and  1. 

(ii)  The  Green’s  function  Co(x,y)  is  positive. 

(iii)  The  generalized  C,{x,y)  is  positive  for  negative 
real  values  of  X with  tne  asymptotic  behavior 
5(x  - y)/(-X)  as  X-* 

The  first  assumption  is  obvious  but  does  eliminate 
certain  cloud  band  feedback  mechanisms  from  con- 
sideration. 

To  clarify  condition  (ii),  we  first  note  that  when 
an  arbitrary  heat  source  p(y)  is  introduced  it 
produces  a temperature  distribution  T(x)  * J dy 
X Go(x,y)p(y).  If  in  addition  p(y)  is  increased  by 
adding  heat  at  a rate  q at  latitude  Xg,  so  that  Ap(y) 
» qd(y  - xg),  then  the  temperature  distribution 
changes  by  lT(x)  =*  qGg(x,xg).  Thus  saying  thatGg 
is  positive  is  equivalent  to  the  statement  that  heat 
adeed  at  one  latitude  will  not  lead  to  a decrease 
in  temperature  at  any  other  latitude.  Fig.  3 shows 
an  example  of  the  behavior  of  the  Green's  function 
corresponding  to  Lp,  Eqs.  (2.2)  and  (2.6)  with  D 
constant.  This  condition  holds  for  L of  Sturm-Liou- 
villetype,  and  a proof  of  this  is  sketched  in  Appendix 
A.  We  suspect  that  it  holds  for  any  physic^ly  rea- 
sonable L including  some  imegral  operators  such  as 
Budyko's  (cf.  .Appendix  A).  Similar  conditions  have 
been  applied  other  stability  problems,  e.g., 
Joseph  (1976). 

The  increasing  localization  of  Cg  in  Fig.  3 for  de- 
creasing values  of  D (or  increasing  B)  is  related  to 
condition  (iii).  For  the  Sturm-Liouville  type  systems 


Fic.  3.  The  diffusive  response  function  given  in  Eq. 

(2.6)  of  the  text,  computed  with  8 » 1 and  various  (constant) 
values  of  D.  The  area  under  the  curve  is  independent  of  D (units 
- 0.2). 


the  expression  S(x  - y)/(-X)  corresponds  to  keep- 
ing the  first  term  in  an  asymptotic  expansion  for 
large  negative  X and  using  the  completeness  relation 
^nMx)fniy)  * 5(.r  - y).  Adding  this  relation  di- 
vided by  -X  to  (2.17)  leads  to 

G?(x,y)  = -S(x  - y)/X 

+ lMx)Uy)  (3.2) 

n \^n 

the  second  term  on  the  RHS  is  equivalent  to 
£.[Gf](x.y)/X,which  can  also  be  obtained  formally  from 
rearranging  (2.16).  Although  more  singular  atx  » y 
than  the  first  term,  since  it  contains  derivatives  of 
delta  functions,  it  is  smaller  by  a factor  of  order 
1/X.  This  suggests  that  if  Cf(x.y)  only  appears  as  a 
factor  in  an  integrand  multiplied  by  sufficiently  well- 
behaved  functions,  (iii)  will  hold.  It  is  possible  to 
exhibit  this  asymptotic  behavior  of  L explicitly  in 
certain  specific  cases. 

This  ends  the  discussion  of  the  conditions  (i),  (ii), 
and  (iii)  which  are  sufficient  for  our  proof  to  be 
valid.  The  theorem  may  hold  also  for  a weakened 
form  of  these  conditions  in  certain  cases.  In  what 
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follows  the  reader  may  wish  to  refer  to  Appendix  B 
where  a special  case  is  discussed. 

We  now  return  to  the  discussion  of  the  stability 
eigenvalues.  From  (ii)  we  clearly  have 

K,  > 0.  (3.3) 

since  each  factor  in  the  integrand  of  (2.23)  is  positive. 

The  behavior  of  F{\)  may  be  determined  from 
that  of  C,^.  According  to  Eq.  (2.25)  Cn  -►  Co  as  X -» 
0,  and  for  small  positive  v^ues  of  X we  have 

Gx(x.y)  - Cofjr.y)  + XGi*’(x.y)  > 0;  (3.4) 

the  “iterated  kernel,"  given  by 

Ci‘>(2.y)  - I dz'G,(z,z')G,{z' ,y),  (3.5) 


represents  the  first  term  in  a series  expansion  of 
Cn  in  powers  of  X.  Eq.  (2.25)  is  in  fact  an  inhomo- 
geneous Fredholm  equation  of  the  second  kind,  for 
G„.  Its  solution  can  be  represented  by  such  a power 
series  in  X,  a Neumann  series,  which  converges  as 
long  as  { X { < Lo,  where  Lo  is  the  first  eigenvalue  of 
I.  The  coefficient  of  X"  in  the  Neumann  series  is  the 
nth  iterate  of  the  kernel  Co-  Hence  each  term  is 
positive  for  positive  X.  Thus,  C^  is  positive  for  -* 

< X < 0 because  of  assumption  (iii)  and  for  0 < X 

< Lo  by  the  argument  above;  as  X -*  lo.  C*  -*  +*. 
Furthermore,  if  we  compute  the  derivative  with  re- 
spect to  X of  Eq.  (2.16)  the  solution  of  the  resulting 
equation  may  be  written  in  the  form 


dGx(x,yVdk 


</:C*(Jc.;)C»(:.y),  (3.6) 


which  again  is  positive  in  this  interval  so  that  Cx 
is  strictly  monotonic  for  X < L,.  This  is  sufficient 
information  to  conclude  that  as  X decreases  through 
zero,  the  stability  function  XF(X)  will  also  decrease 
through  zero,  and  will  monotonically  approach  its 
asymptotic  value,  determined  by  the  behavior  ofC,^ 
to  be 

kF{k)  jr:zS  ~ | 4’GoU..y)5(y)a*(y,x,).  (3.7) 

We  may  now  establish  the  slope-stability  theorem 
by  considering  the  possible  values  of  X determined 
by  the  relation 

-^^=*XF(X\  (2.26) 

Q dx, 

for  a fixed  point  on  the  equilibrium  iceline  curve 
X,  * x,{Q).  The  graphical  solution  of  this  transcen- 
dental equation  is  illustrated  schematically  in  Fig.  4. 
The  constants  L,,Lt.  etc.,  are  the  higher  eigenvalues 
of  L,  but  for  now  we  concentrate  on  the  region 
X < Lo-  When  the  iceline  slope  is  positive,  indicated 
by  the  solid  horizontal  line  in  Fig.  4,  the  smallest 
possible  stability  eigenvalue  X«  is  also  positive,  and 
determined  by  the  intersection  of  the  horizontal  line 
with  XF(X),  computed  from  the  Neumann  series  for 
Gk-  Perturbations  in  this  region  decay  to  zero  in  a 
characteristic  time  OK>.  This  is  the  situation  in  the 
positive  slope  branches  in  Fig.  2.  As  we  approach 
one  of  the  critical  points  indicated  in  Fig.  dQldx, 
as  well  as  k^,  approach  zero  and  we  have  a situation 
of  neutral  stability.  Finally,  in  the  unstable  regions 


Fig.  * A schcmuic  grtph  of  the  nfht-hand-SKie  of  Eq.  (2.26)  of  the  text  venus  the 
stability  parameter  K.  The  solid  and  dashed  horizontal  lines  represent  positive  and  nega- 
tive values  of  the  left-hand-side  ,^f  Eq.  (2.26).  determined  by  the  slope  at  a given  point 
on  an  iceline  curve  such  as  in  Fig.  2.  Intenections  marked  with  circles  give  the  stability 
eigenvalues,  and  x,  is  the  minimum  stability  eigenvalue. 
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(negative  slope)  shown  in  Fig.  2,  the  iceline  slope  is 
negative,  and  we  have  the  situation  indicated  by  the 
dotted  horizontal  line  in  Fig.  4.  In  this  case,  the 
stability  eigenvalue  X<,  is  negative,  so  that  the  corre- 
sponding perturbation  S7o  increases  in  time  accord- 
ing to  Eq.  (2.14).  Eventually  the  linearization  of 
7[x,(r),r]  and  <ilz,.T,(r)]  breaks  down,  and  the  exact 
solution  approaches  one  of  the  available  stable  solu- 
tions for  the  given  value  of  Q,  for  example,  that  of 
an  ice-covered  or  ice-free  planet. 

If,  as  Drazin  and  Griffel  (1977)  have  suggested, 
the  iceline  curve  can  have  a cusp  in  some  cases,  so 
that  dQI  dx,  -*  - * as  X,  -*  I , the  dotted  line  in  Fig.  4 
might  conceivably  fall  below  the  asymptotic  value 
of  KF(K),  so  that  a region  of  tremendous  instability 
(\o  -*)  would  suddenly  become  stable.  It  re- 

mains then  in  our  proof  to  show  that  the  dashed 
line  never  falls  below  the  asymptotic  level  of  A.F(\) 
as  given  by  (3.7). 

The  slope  of  the  iceline  curve  for  equilibrium  solu- 
tions may  be  computed  from  Eq.  (2.21)  and  has 
the  form 


Q dx. 


i-nvq 


’\ 

Jo 


dyGo(x,,y)Siy)at(yji,), 


(3.8) 


where  the  positive  constant  K,  is  defined  in  Eq. 
(2.23).  Since  for  the  class  of  models  (or  solutions) 
considered  the  temperature  decreases  as  one  crosses 
the  ice  cap  poleward,  the  first  term  in  (3.8)  is  posi- 
tive. The  second  term,  on  the  other  hand,  is  strictly 
negative.  This  latter  it  in  fact  just  the  asymptotic 
value  of  KF(K)  which  is  given  in  (3.7).  Hence, 
(KJQ)(dQldx,)  is  always  larger  than  the  asymptotic 
plateau  by  the  positive  amount  {-T'f)IQ.  This  con- 
cludes the  proof  of  the  slope-stabili'y  theorem. 

We  should  note  that  the  cusp  behavior  of  the  .t, 
vs  Q curve  pointed  out  by  Drazin  and  Griffel  (1977) 
and  shown  nearz,  <■  1 in  Fig.  2 comes  about  for  the 
case  of  c(a;,j;,)  a step  function.  In  this  case  a«(x,.r,) 
is  a delta  function  so  that  the  second  term  of  (3.8) 
can  be  evaluated  explicitly.  The  cusp  comes  about 
because  the  resulting  expression  is  proportional  to 
Go(.t„x,),  which  diverges  asx,  -♦  1.  Any  smoothing 
of  the  albedo  at  the  ice  cap  edge  eliminates  this 
divergence.  (In  fact,  we  have  found  numerically  that 
a smoothing  width  .lx,  of  the  order  of  O.l  is  suf- 
ficient to  remove  the  negative  slope  portion  of  the 
curve  in  Fig.  2 near  x,  « 1 altogether.)  One  also 
notes  that  the  cusp  is  removed  even  in  the  discon- 
tinuous albedo  case  if  5(1)  ■ 0.  in  agreement  with 
Drazin  and  Griffel. 

We  may  no’v  examine  the  special  cases,  x,  ■ 0 
and  X,  ■ 1,  the  ice-covered  and  ice  free  situations. 
In  both  cases  we  may  neglect  the  ice  feedback  since, 
for  example,  in  the  t,  - 0 case  the  equator  is  well 


below  -10*C  so  that  an  enormous  perturbation 
would  be  required  to  cause  the  ice  cap  to  recede 
from  the  equator.  Hence  an  infinitesimal  perturba- 
tion of  the  steady-state  solution  causes  only  a per- 
turbation in  the  temperature  field  and  fix,  « 0.  One 
easily  deduces  that  in  this  case  the  stability  eigen- 
values are  L,  > 0,  and  the  solution  is  stable.  The 
same  argument  works  for  x,  « I . 

Finally,  we  may  relate  the  slope-stability  theorem 
as  stated  for  the  x,(Q)  iceline  curve  to  the  formula- 
tion in  terms  of  the  corresponding  Toi.Q)  curve,  as 
discussed  for  the  globally  averaged  model  in  the 
introduction.  We  shall  see  that  the  “heat  capacity” 
argument  does  not  invariably  follow  in  the  present 
class  of  spatially  extended  systems.  First  note  that 
in  the  special  cases  x,  > 0,  I as  discussed  in  the 
preceding  paragraph,  the  connection  is  correct  since 
dTJdQ  is  clearly  positive  and  the  solution  is  stable. 
Elsewhere  we  may  relate  the  iceline  and  To  slopes 
by  first  integrating  (2.7)  over  the  hemisphere  and 
then  differentiating  with  respect  to  Q: 


dTJdQ 


*1 

dyCo(x,y)S{y)a(y.x,) 

0 


+ 0 


dx, 

dQ 


*1 

dy  Go(x  ,y  )5(y  )fl  j(y  ,x,). 

0 


Since  both  of  the  integrals  above  are  bounded 
and  strictly  positive,  and  dxJdQ  changes  sign  at  an 
ordinary  bifurcation  by  passing  through  infinity,  we 
may  assert  that  these  derivatives  have  the  same  sign 
at  least  when  \dxJdQ\  is  large  enough.  However 
they  could  have  opposite  sign  near  a cusp  for  which 
dxJdQ  -*  0.  Hence,  the  theorem  must  be  stated  as 
(3.1)  in  terms  of  x,  rather  than  as  (1.4). 


4.  Discussion 

We  have  proven  a theorem  that  states  that  the 
stability  of  a model  climate  solution  depends  on  a 
property  of  the  curve  which  determines  the  steady - 
state  solutions,  the  latitude  of  the  ice  cap  edge  versus 
the  solar  constant.  If  the  local  slope  of  this  curve  is 
positive  (negative)  the  corresponding  steady-state 
solution  wiU  be  stable  (unstable).  The  theorem 
covers  a fairly  broad  class  of  models  of  the  ice- 
cap-feedback  type,  but  certain  assumptions  are  nec- 
essary. The  most  important  of  these  relate  to  the 
Green's  function  for  the  linear  part  of  the  problem. 
Existence,  positivity  and  a cenain  type  of  asymp- 
totic behavior  are  sufficient  for  our  proof  to  hold. 
These  conditions  are  satisfied  by  generalized  dif- 
fusive (Sturm- Liouville)  models  and  hold  for  some 
nonlocal  models  such  as  Budyko's. 

We  have  seen  that  positive  values  of  the  global 
“heat  capacity”  do  not  guarantee  stability  in  these 
models,  although  negative  values  definitely  imply 
instability.  Instability  may  be  simply  shown  bv  an 
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opportune  choice  of  perturbation,  but  to  demon- 
strate stability  of  a solution  under  an  arbitrary  per- 
turbation is  less  simple,  particularly  in  systems  with 
spatial  extension,  which  may  not  follow  intuitions 
appropriate  for  their  global  or  homogeneous  coun- 
terparts. 

We  have  also  pointed  out  that  the  stability  of  small 
ice  caps,  as  determined  by  the  slope  of  the  iceline 
curve  nearx,  « 1,  is  highly  sensitive  to  the  smooth- 
ness of  the  albedo  across  the  iceline.  Such  depend- 
ence unfortunately  suggests  that  the  true  sensitivity 
and  stability  of  small  ice  caps  cannot  be  estimated 
from  such  simple  models.  This  question  is  clearly 
important,  considering  the  possibility  of  global 
warming  and  the  effect  of  a melting  ice  cap  on  the 
present  level  of  the  oceans.  The  question  of  whether 
energy  and  mass  balance  requirements  are  sufficient 
to  model  the  problem,  or  whether  specific  dynamical 
mechanisms  must  be  included,  can  only  be  answered 
through  continued  study  of  ice  cap  variations  on 
many  time  scales. 

Finally,  one  may  imagine  attempting  to  generalize 
our  theorem  to  models  having  more  degrees  of  free- 
dom, with  additional  dynamics  and  feedback  mecha- 
nisms. Rather  than  resort  to  pure  speculation,  we 
shall  remain  within  the  present  framework  of  one- 
dimensional energy-balance  models,  and  briefly  dis- 
cuss three  types  of  extensions  which  may  affect  the 
stability:  different  iceline  conditions,  nonlinearities 
due  to  other  feedbacks  and  climatic  noise. 

Generalizations  of  our  conditions  of  isothermal 
icelines  having  north-south  symmetry  are  of  interest. 
Pollard  (1976),  for  instance,  has  shown  that  if  the 
iceline  lags  slightly  behind  the  - lO^C  isotherm  in 
time  rather  than  following  it  instantaneously  the 
theorem  still  holds.  We  do  not  yet  know  if  some 
similar  generalization  holds  for  cases  when  more 
than  one  index  might  be  required  to  specify  the 
branch  of  a solution.  For  instance,  in  unsymmetrical 
solutions  with  only  one  ice  cap,  one  must  specify 
which  ice  cap. 

Several  nonlinearities  merit  further  study: 

1)  As  Store  (1973)  has  suggested,  the  diffusion 
coefficient  may  be  proportional  to  some  power  of 
the  temperature  gradient. 

2)  Any  dependence  of  atmospheric  carbon  dio.x- 
ide,  water  vapor  or  cloudiness  on  the  surface  tem- 
perature would  tend  to  introduce  some  nonlinearity 
in  the  infrared  emission.  The  net  effect  has  been 
much  contested,  but  since  analytical  solutions  to 
linear  models  are  known,  it  would  be  of  much  in- 
terest to  study  the  effect  of  a nonlinear  penurbation. 

3)  Although  we  have  generalized  the  discontin- 
uous coalbedo  to  allow  for  smooth  variations  in 
latitude,  a more  realistic  treatment  of  cloudiness 
would  also  allow  the  co-aibedo  to  vary  smoothly 
with  temperature.  Even  if  no  analytical  solution 
to  such  a nonlinear  problem  can  be  found,  it  may 


be  possible  to  solve  the  linear  stability  problem 
analytically. 

Climatic  noise  is  typically  modeled  by  the  addi- 
tion of  stochastic  forcing  terms  having  given  statis- 
tical properties.  These  then  determine  the  statistics 
of  the  response,  or  in  this  case  the  temperature  fluc- 
tuations. Such  fluctuations  will  normally  be  governed 
by  our  stability  theorem,  but  new  stability  questions 
arise  and  here  we  mention  '.wo  which  merit  further 
study: 

1)  The  probability  of  flniu.  amplitude  fluctuations 
may  be  sufficiently  large  tc  effect  transitions  be- 
tween different  branches  of '.he  solution  curve.  One 
must  then  consider  the  relative  stioility  of  the  states 
involved.  For  example.  st<  hich  have  marginal 
stability  in  the  determin;  nse  may  be  only 
metastable  in  the  stochast,.  e. 

2)  The  statistics  of  the  ft  'lay  itself  depend 
on  the  climatic  state;  for  example,  its  variance  may 
depend  on  the  temperature.  In  that  case  the  stability 
may  not  be  related  in  a simple  way  to  the  deter- 
ministic solution  curve. 

Many  questions  remain  unanswered  concerning 
climatic  stability,  and  we  hope  that  the  present 
paper  will  help  generate  further  interest  in  and  study 
of  such  questions. 
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APPENDIX  A 

Response  Functions  in  the  Budyko  and 
General  Diffusion  .VIodels 

In  the  Budyko  model,  the  combined  infrared  and 
meridional  transpon  tenns  are  given  by 

/' 

L(7n(.ru)  = d:[(y  * BW.x  - - y]7(:u),  (.Al) 

.0 

and  ill  this  case  it  is  easily  verified  that  the 
generalized  response  function  defined  in  Eq.  (2.16) 
is  given  by 

6(.t  - v|  '/ 

=.  L . (A2) 

y - B - \ - \){y  - B - \) 


i- 
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which  clearly  satisfies  our  conditions  (ii)  and  (iii) 
discussed  in  Section  3.  Note  that  in  the  absence 
of  ice  feedback,  any  heat  added  to  a given  latitude 
belt  doe:  not  affect  the  temperature  gradient  at  any 
other  latitude  in  this  model,  since  Gj  is  constant  for 
X t y-  Also,  the  delta  function  implies  that  any  dis- 
continuity in  albedo  yields  a discontinuity  in  temper- 
ature, so  that  one  must  be  very  careful  in  applying 
the  iceline  condition. 

Next  we  consider  a class  of  models  given  by 
energy-balance  equations  of  the  form 

C il  - — £>UX1  + A{x) 

dt  dc  dx 


which  adong  with  Eq.  (A8)  clearly  implies 

Gt(x,x)  > 0.  (A  10) 

For  the  case  in  which  B and  D arc  constant,  we 
obtain ■ (>  + I)”/*,  and  Z.,  = Dn(n  + 1)  + *?, 
where  the  F,  are  the  cven-indesed  Legendre  poi>  - 
nomials.  In  general,  for  reasonable  D{x),  B(x),  the 
/i  arc  regular  everywhere  and  we  shall,  therefo. *. 
assume  in  the  following  that  Go(x,y)  is  everywhere 
finite  [with  the  exception  of  the  singular  point  ,n 
Eq.  ,\4),  viz.,  x,y  ^ IJ. 

In  order  to  show  that  Co  i**  positive  for  x # y we 
return  to  Eq.  (A3)  and  choose  a new  independent 
vanabie  i(x)  such  that 


-I-  B(x)T  - Q5{;x)a{x,x,)  ■ 0,  (A3) 

along  with  the  boundary  conditions  of  vanishing  heat 
fiux  at  the  equator  and  pole,  appropriate  for  a proto- 
type planet  with  hemispheric  symmetry,  so  that 

D(x)[(l  - X*)]*'*  ^ - 0.  (A4) 

**  r-O.I 

The  Green's  function  for  the  equilibrium  solution 
of  such  a model  satisfies 


d_x 

~dz 


D{x)(\  - X-)  > 0. 


(All) 


The  integral  of  (Ail)  is 
z{x) 


dx' 


, - , (A12) 

Jo  D(jr')(l  - .t'-) 

so  that  :(0)  = 0 and  r(l)  = .Multiplying  <,A5)  by 
dxidz  leads  to 


- A £>(x)(l  - X*)  ^ + 5(x) 
dx  dx 


Go(x,y) 


« 5<x  - y),  (A3) 


as  well  as  the  boundary  conditions  (A4).  We  wish  to 
show  that 

CoU.y)  » 0 if  B{x),  D{x)  > 0.  (A6) 

The  proof  is  identical  for  G*  as  long  as  S - \ > 0. 

We  may  easily  demonstrate  the  positivity  of  Go 
at  the  point  x - y from  the  so-called  "spectral 
representation."  The  eigenvalue  equation 


4-D(x)(1  -x*)-L  + B(x) 
dx  dx 


/.(-r) 


/.,fc<r(x).  (A7) 


determines  the  orthonormal  eigenfunctions/,  as  well 
as  the  corresponding  eigenvalues  L.  of  the  linear 
operator.  [See  Ghil  (1976)  for  a comparison  with 
standard  Sturm- Liouville  systems.!  Multiplying 
Eq.  (AT)  by /,(x).  integrating  over  all  x . and  employ- 
ing the  boundary  conditions  to  integrate  (he  first 
term  by  parts  yields 


dx 


D(xHl  - .t') 


dx 


B(x)f„' 


J 

L„  > 0,  (A8) 


so  that  the  spectrum  is  positive  definite.  It  can  be 
shown  that  the  eigenfunctions  /.  form  a complete 
system;  hence  we  may  represent  Go  as 


Golx.y) 


/.U).f.(y) 


(A9) 


+ C(c)  IGoC.Io)  = 5(r  - Cu).  (,A13) 

J 

where  C(:)  * (dxldz)B(z)  > 0 and  we  have  em- 
ployed the  well-known  rule  that  5[.r(;)  - y]  = §(r 
- ZoV\dxldz\,  where  .t(Zo)  = According  to  Eq. 
(A13),  the  curvature  of  G'o  is  determined  L»y  the 
sign  of  G».  Go  is  concave  upward  in  the  upper  half 
plane,  concave  downward  in  the  lower  half  plane, 
and  has  a point  of  inflection  if  it  vanishes.  Thus,  if 
Go  is  to  remain  finite,  it  must  be  asymptotically 
flat  as  : — * and  according  to  the  boundary  con- 
ditions it  is  also  asymptotically  flat  as  ; 0 Since 

Go  is  positive  at  r = and  thus  concave  jpward 
on  either  side  of  c = Co.  >t  cannot  vanish  anywhere 
and  still  become  flat  as  : — 0,  *.  Thus,  ii  must 
be  positive  every  where. 

APPENDIX  B 
Step-Function  Albedo 

In  order  to  make  contact  wuh  previous  studies, 
we  may  specialize  our  stabiiity  condition  in  Fq 
(2.26)  to  the  case  m which  the  absorpuon  changes 
discontinuously  at  the  iceline.  so  that 

a(.v,.T,)  = - X)  - jjtX.r  - X, I . (Bl) 

where  Jh  and  a,  are  given  constants  tor  which 
aw  > U/.  and  0 ’S  the  unit  step  function  Since  the 
denvaiive  of  t)  is  a delta  function.  Eq  (2  27i 
reauces  to 

I 

f(\)  » Si.t,i(ui,  - Ui)  ; dzC)i.x,.z)G ,i:..x,).  tB2; 
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If  we  insert  the  spectral  representation 


Gx(-.x,) 


^ Uz)Ux,) 

t ’ 


(B3) 


where  the  arc  the  orthonormal  eigenfunctions  of 
L which  we  assume  to  be  complete,  and  the  I,  are 
the  eigenvalues  which  we  assume  to  be  positive 
definite  las  proven  for  general  diffusive  models  in 
Appendix  A),  then  Eq.  (B2)  takes  the  form 


F(\)  - JiA.Xan  - a,) 


^ ifniX,)? 

r - -V)  ■ 


(B4) 


For  A > 0,  F(A)  has  simple  poles  at  A = I,  and 
changes  sign  s'  A passes  each  L,.  However,  for 
A < 0 both  F\K)  and  dF(K)idK  are  positive  definite, 
and  AF(A)  decreases  monotonically  to  -=c.  Thus,  for 
this  case  the  graphical  solution  of  Eq.  (2.26), 


Q <ix> 


will  have  the  qualitative  form  shown  in  Fig.  4, 
already  discussed  for  the  general  case  in  Section  3. 
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NASA  Technical  Memorandum  80555  September  1979 

A SPECTRAL  FILTER  FOR  ESMR’S  SIDELOBE  ERRORS 
Dennis  Chesters 

NASA/Goddard  Space  Flight  Center 
Code  915 

Greenbelt,  Maryland  20771 
ABSTRACT 

Fourier  analysis  is  used  to  remove  periodic  errors  from  a series  of  NlMBUS-5 
ESMR  microwave  brightness  temperatures.  The  observations  were  all  taken  from 
the  midnight  orbits  over  fixed  sties  in  the  Australian  grasslands  during  1974.  The 
angular  dependence  of  the  data  indicates  calibration  errors  consisting  of  broad 
sidelobes  and  some  miscalibration  as  a function  of  beam  position.  Even  though 
an  angular  recalibra'ion  curve  cannot  be  derived  from  the  available  data,  the  sys- 
tematic errors  can  be  removed  with  a spectral  filter.  The  7-day  cycle  in  the 
drift  of  the  orbit  of  NlMBUS-5,  coupled  to  the  look-angle  biases,  produces  an 
error  pattern  with  peaks  in  its  power  spectrum  at  the  weekly  harmonics.  About 
±4°K  of  error  is  removed  by  simply  blocking  the  variations  near  two-  and  three- 
cycles-per-week. 
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Paper  115 


NASA  Technical  Memorandum  79576  June  1978 

ALBEDO  CLIMATOLOGY  ANALYSIS  AND  THE  DETERMINATION 
OF  FRACTIONAL  CLOUD  COVER 

Robert  J.  Curran  and  Raymond  Wexler 
NASA^Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 

Myron  L.  Nack 

Computer  Sciences  Corporation 
Silver  Spring,  Maryland  20910 

ABSTRACT 

In  a previous  paper  we  developed  a transformation  of  surface  albedo  to 
albedos  at  the  top  of  clear,  totally  cloud  covered,  and  fractionally  cloud 
covered  realistic  atmospheres.  In  this  paper  we  present  monthly  and  zonally 
averaged  surface  cover  climatology  data,  which  we  use  to  construct  monthly 
and  zonally  averaged  surface  albedos.  Our  albedo  transformations  are  then 
applied  to  the  surface  albedos,  using  solar  zenith  angles  characteristic  of  the 
Nimbus  6 satellite  local  sampling  times,  to  obtain  albedos  at  the  top  of  clear 
and  totally  cloud  covered  atmospheres.  We  then  combine  these  albedos  with 
measured  albedo  data  to  solve  for  the  monthly  and  zonally  averaged  frac- 
tional cloud  cover.  The  measured  albedo  data  w obtained  from  the 
wide  field  of  view  channels  of  the  Nimbus  6 Earth  Radiation  Budget  (ERB) 
experiment,  and  consequently  our  fractional  cloud  cover  results  are  repre- 
sentative of  the  local  sampling  times.  These  fractional  cloud  cover  results 
are  compared  with  recent  studies.  The  cloud  cover  results  not  only  show 
peaks  near  the  intertropical  convergence  zone  (ITCZ),  but  the  monthly 
migration  of  the  position  of  these  peaks  follows  general  predictions  of 
atmospheric  circulation  studies. 
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Paper  116 


NASA  Technical  Memorandum  80332  July  1979 

AN  IMPROVED  SCHEME  FOR  THE  REMOTE  SENSING 
OF  SEA  SURFACE  TEMPERATURE 


G.  Dalu*.  C.  Prabhakara 
Laboratory  for  Atmospheric  Sciences  (GLAS) 
NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 

R.  C.  Lo,  M.  J.  Mack 
Computer  Sciences  Corporation 
Silver  Spring,  Maryland  209 1 0 


ABSTRACT 

A radiometer  which  has  two  channels  in  the  1 1 to  13  pm  window  region, 
has  been  proposed  for  inclusion  on  the  forthcoming  NOAA  satellites.  It  will 
be  useful  in  estimating  the  sea  surface  temperature  to  within  an  accuracy  of 
1°C.  But  this  study  shows  that  this  accuracy  could  be  improved  to  within 
0.3®C,  if  an  independent  estimate  of  total  precipitable  water  vapor  is  avail- 
able. In  order  to  remotely  sense  the  total  precipitable  water  vapor,  a broad- 
band channel  in  the  18  pm  water  vapor  band  should  be  introduced  in  addition 
to  the  two  channels  in  the  1 1 to  13  pm  window  region.  With  these  three 
channels  the  total  water  vapor  could  be  estimated  over  oceans,  which  would 
improve  the  accuracy  of  the  sea  surfacv  temperature  estimation.  In  addition 
the  effect  of  the  surface  emissivity  is  taken  into  account  in  this  scheme. 


*NAS/NRC  Research  Auociate  on  leave  from  C N.R.,  Istituto  di  Hsica  della  Atmotfera, 
Rome,  Italy. 
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NASA  Conference  Publication  2076  - Fourth  NASA  Weather  and  Climate  Program  Science  Review, 
January  24-25,  1979,  NASA/GSFC,  Greenbelt,  MD. 


Paper  No.  41 


THE  EFFECT  OF  SURFACE  REFLECTION  AND  CLOUDS  ON  THE  ESTIMA- 
TION OF  TOTAL  OZONE  FROM  SATELLITE  MEASUREMENTS 


R.  S.  Fraaer,  Goddard  Space  Flight  Center,  Greenbelt,  Maryland 
Z.  Ahmad,  Systems  and  Applied  Sciences  Corporation,  Riverdale, 
Maryland 


ABSTRACT 

The  total  amount  of  ozone  in  a vertical  column  is  being 
measured  by  Nimbus  4 and  7 observations  of  the  intensity 
of  ultraviolet  sunlight  scattered  from  the  earth.  The 
algorithm  for  deriving  the  amount  of  ozone  from  the  ob- 
servations uses  the  assumption  that  the  surface  reflects 
the  light  isotropically  and  the  albedo  is  Independent  of 
wavelength.  The  effects  of  anisotropic  surfaces  and 
clouds  on  the  estimate  of  total  ozone  are  computed  for 
models  of  the  earth-atmosphere  system. 
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Reprint«l  from  Joc«xal  or  tmi  ATMo»rHutic  Vol.  36,  N’o.  7,  July  1979 

AamkM  Society 

Prioud  la  U.  S.  A 

Perturbation  of  the  Zonal  Radiation  Balance  by  a Stratospheric  Aerosol  Layer* 

Harshvardhan* 

Labowory  for  Atmotphtrie  Scitnets,  NASAtGoddard  Spec*  Flight  Ctnttr,  GrttnMl,  MD  20T71 
(Maaiucripc  rtetived  22  Novembar  IVft,  in  Anal  form  22  March  1979) 

AaSTRACT 

Tha  effhet  of  stratospbaric  atroaols  on  (he  earth’s  monthly  zonal  radiation  balance  is  invastipaitd  using 
a modal  layer  consisting  of  7396  HtSO«.  which  is  tha  primary  constituent  of  tha  background  aerosol  layer. 

The  reduction  in  solar  energy  absorbed  by  the  eanh>atmosphere  system  is  determined  through  the  albedo 
sensitivity,  defined  here  u (be  change  in  albedo  per  unit  mid'Visible  optical  depth  of  the  aerosol  layer. 

The  opti^y  thin  approximation  is  used  in  conjunction  with  the  Henyey-Creenstain  phase  function  for 
scattering  to  simplify  computations.  SatellitS'derived  planetary  albedos  are  used  at  the  frame  of  refer- 
ence about  which  the  change  in  albedo  is  computed.  An  infrared  radiative  transfer  model  is  used  to  estimate 
the  tncreasad  greenhouse  effect  attributed  to  the  aerosol  layer.  The  infrared  heating  tends  to  compensate 
for  the  albedo  effect  in  altering  the  radiation  balance.  The  results  indicate  that  tha  dominant  influence  of 
the  thin  model  stratospheric  aerosol  layer  is  an  increased  reflection  of  solar  energy  all  over  the  globe 
except  for  the  polar-winter  region,  but  tte  change  in  tha  radiation  balance  is  seen  to  be  uniform  and  small 
tnuatorward  of  XT.  The  largest  perturbations  occur  in  the  spring  and  fall  in  the  polar  regions  with  (he 
equator-to-pole  difference  in  radiation  balance  increasing  by  6.3-7.0  W m'*  for  an  aerosol  mid-visible 
optical  depth  ofO.l. 


1.  Introduction 

The  rote  of  stratospheric  aerosols  in  enhancing  the 
reflection  of  solar  radiation  has  been  investigated 
recently  by  numerous  authors  (Harshvardhan  and 
Cess.  1976;  Pollack et  at.,  1976;  Cadle  and  Grams. 
1975;  Pinnick  et  al.,  1976;  Herman  et  al.,  1976). 
Model  calculations  by  the  above  and  also  by  Luther 
(1976)  have  shown  that  the  dominant  climatic  effect 
of  these  aerosols  is  enhanced  solar  reflection  with 
increased  infrared  opacity  playing  a smaller  rote. 
However.  Herman  ef  al.  (1976)  and  Luther  (1976) 
have  also  pointed  out  that  the  degree  of  albedo  en- 
hancement is  a strong  function  of  the  al’oedo  of  the 
underlying  surface.  Broadly  speaking,  this  under- 
lying surface  may  be  divided  into  two  classes,  viz-, 
cloud-ffee  portions  of  the  earth-atmosphere  system 
and  the  cloudy  portion.  This  classification  does  not 
imply  a high  and  low  albedo  differentiation  because 
the  effective  albedo  of  a cloud  layer  above  a snow 
or  ice-covered  surface  may  be  lower  than  chat  of  the 
surface  alone  (Dave  and  Braslau,  1975).  However, 
with  the  above  exception,  the  effective  albedo  of 
the  cloud-free  regions  is  between  0.15  and  0.3, 
whereas  that  of  cloudy  regions  is  greater  than  0.4. 


' This  paptr  IS  • cond«ns«tion  of  NASA  Tfcbnicai  Msmoraa- 
dum  79573.  Goddard  Sp«c«  Flight  CsRitr.  Greenbelt.  Md. 

' Frestnt  iffBiauon:  Mettorology  Propam.  Uoivsrsity  ot  Mary- 
Uuid.  CoUege  Park  20742. 


.The  present  study  examines  the  albedo  sensitivity 
of  the  earth-atmosphere  system  to  a stratospheric 
aerosol  layer  under  different  assumptions  regarding 
surface  and  cloud  albedos  and  solar  zenith  angle 
averaging  procedures.  Work  to  date  encompasses  a 
broad  range  of  simplifying  assumptions.  Harsh- 
vardhan  and  Cess  (1976)  considered  an  albedo  of 
0.3  foi  the  unperturbed  earth-atmosphere  system. 
Pollack  et  al.  (1976)  assumed  a ground  albedo  of 
0.1  and  50%  cloud  cover  with  a detailed  radiative 
transfer  scheme  to  yield  aerosol  layer  perturbations, 
while  Herman  et  al.  (1976)  assigned  ground  albedos 
to  10“  latitude  belts  in  the  Northern  Hemisphere 
with  seasonal  variations  and  assumed  a 50%  cloud 
cover  of  reflectivity  equal  to  0.5.  The  marked 
changes  in  albedo  sensitivity  obtained  by  Herman 
et  al. , with  changing  seasons  at  high  latitudes,  due 
to  changes  in  the  mean  solar  zenith  angle  and  sur- 
face albedo,  suggests  that  incorrect  inferences  may 
be  drawn  if  global  average  surface  albedos  and 
cloud  cover  are  assumed  in  computing  albedo 
enhancement. 

In  this  work  the  albedo  of  the  cloud-free  portion 
of  the  earth-atmosphere  system  in  10*  latitude  belts 
is  deduced  following  the  recommendation  of  Budyko 
(1974).  An  empirical  relation  for  the  effective  cloud 
reflectivity  is  derived  from  calculations  of  Dave  and 
Braslau  (1975).  With  these  two  sets  of  albedos  as  a 
base,  the  global  albedo  change  in  the  presence  of 
a model  stratospheric  aerosol  layer  is  computed  for 
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climatological  cloud-cover  fractions.  The  procedure 
is  extended  to  include  the  zonal  variation  of  albedo 
sensitivity  by  month,  based  on  satellite-derived 
planetary  albedos.  With  the  inclusion  of  the  effect 
of  the  stratospheric  aerosol  layer  on  the  infrared 
radiation  leaving  the  top  of  the  atmosphere,  the 
net  energy  deficit  on  a zonal  basis  is  obtained.  This 
quantity  may  be  used  as  an  input  to  energy-balance 
climate  models  used  for  investigating  the  climatic 
effects  of  stratospheric  aerosols. 

2.  Planetary  albedo 

The  earth-atmosphere  system  albedo  a,  is  com- 
monly expressed  as 

aip  ” + 0,(1  - C),  (1) 

where  a,  is  the  cloud-free  or  clear-sky  albedo  and 
o,.  the  albedo  with  cloud  cover;  C is  the  fractional 
cloud  cover.  The  expression  for  a,  may  be  used  on 
a global  basis  or  for  individual  latitude  belts  (Budyko, 
1974;  Cess,  1976).  For  the  remainder  of  the  text  o, 
will  be  used  to  denote  the  albedo  for  each  10°  latitude 
belt,  with  the  hemispheric  planetary  albedo  A 
computed  as 

A * 4/S  I ap(<t>)Q(<t>)  co$<t)d<t>.  (2) 

where  <t>  is  the  latitude,  Q the  latitudinal  distribu- 
tion of  incoming  solar  radiation  and  5 the  solar 
constant.  The  perturbation  of  this  planetary  albedo 
with  the  introduction  of  a stratospheric  aerosol  layer 
enhancement  (as  following  a major  volcanic  erup- 
tion) is  related  to  the  optical  depth  of  the  aerosol 
layer.  The  albedo  sensitivity  may  be  defined  as 
dA/dr  where  the  optical  depth  r is  computed  at  some 
reference  wavelength,  usually  the  mid-visible  wave- 
length of  0.55  nm.  Since  the  stratospheric  aerosol 
layer  is  optically  thin  (r  < 1).  the  change  in  albedo 
is  directly  proportional  to  the  change  in  optical 
depth  and  the  ^bedo  sensitivity  may  be  written  as 
AA/At  (Russell  and  Hake.  1977).  In  succeeding 
sections,  models  of  the  planetary  albedo  and  re- 
flectivity of  the  aerosol  layer  are  postulated  and  the 
albedo  sensitivity  computed. 

a.  Surface  and  clear-sky  albedo 

The  fraction  of  solar  radiation  incident  on  a sur- 
face that  is  reflected  by  it  is  the  surface  albedo  ab- 
using the  mean  value  of  albedo  for  various  naturid 
surfaces.  Budyko  (1974)  has  suggested  appropriate 
values  of  land  albedos  to  be  used  for  different  cli- 
matic and  seasons’  regimes.  The  values  vary  from 
0.8  for  stable  snow  cover  in  high  latitudes  to  0.13 
for  steppe  and  forests.  The  albedo  of  a water  surface 
to  be  used  for  the  ocean  fraction  of  latitude  belts  has 
also  been  given  by  Budyko  based  on  the  work  of 


Sivkov  (in  Kondratyev,  1975).  As  there  is  a strong 
zenith-angle-dependence  of  the  direct  beam  albedo, 
there  is  a marked  seasonal  variation  at  midlatitudes 
and  high  latitudes.  The  albedo  of  both  land  and  ocean 
change  dramatically  with  snow  and  ice  cover  and 
this  seasonal  variation  must  also  be  incorporated 
in  the  computation  of  global  albedo.  In  the  present 
study,  data  on  snow  and  ice  cover  compiled  by 
Curran  et  al.  (1978)  were  used  to  generate  the  sea- 
sonal march  of  albedo  at  high  latitudes.  The  monthly 
zona!  surface  albedos  for  land  and  ocean  were  com- 
puted after  identifying  the  surface  type  and  in- 
corporating snow  and  ice  cover.  The  clear-sky 
albedo  a,  is  the  effective  albedo  of  a cloud-free 
atmosphere  over  the  land  and  ocean  surface  iden- 
tified by  the  albedos  a^.  It  is  possible  to  make  a 
detailed  radiative  transfer  calculation  averaged  over 
the  solar  spectrum  to  obtain  a,;  howe.er,  for  our 
purposes,  a simple  parameterization  that  takes  into 
account  molecular  and  particle  scattering  as  well  as 
gaseous  absorption  in  the  atmosphere  is  sufficient. 
One  such  relation  may  be  obtained  from  the  model 
of  Braslau  and  Dave  (1973)  for  midlatitude  summer 
water  vapor  and  ozone  distributions  and  an  ab- 
sorbing tropospheric  aerosol  layer.  Choosing  their 
Model  Cl,  the  planai  reflectivity  of  a clear  sky  over 
a black  surface  may  oe  written  as 

a,(R  » 0. 0)  * 0.05  2.4  x 10'«»*  3.2  x lO"*^,  (3) 

where  9 is  the  solar  zenith  angle  (deg)  and  R is  the 
reflectivity  of  the  underlying  surface.  To  extend 
this  relation  to  reflecting  surfaces,  a multiple  re- 
flection model  is  used  which  yields  (Coakley  and 
Chylck,  1975:  Wiscombe.  1975) 

RT  T 

a,{R,9)  ~ ct,lR  = 0,  9)  + * — — - , (4) 

1 - Ra^tiR  = 0) 

where  Tc  and  are  the  planar  and  diffuse  trans- 
mission. respectively,  and  a^lR  = 0)  is  the  diffuse 
or  global  albedo  over  a black  surface.  The  atmos- 
pheric absorptivity  used  to  compute  Tc  and  has 
been  assumed  to  be  15%  which  is  an  average  value 
based  on  Braslau  and  Dave's  computations.  Using 
the  above  parameterization,  one  can  generate  the 
monthly  zonal  clear-sky  albedos  from  surface 
albedo  values  and  mean  monthly  solar  zenith  angle 
and  also  obtain  the  insolation-weighted,  mean  clear- 
sky  albedo  of  each  latitude  belt.  This  is  the  value 
of  a,  that  should  be  used  in  mean  annual  global 
energy  balance  climate  models  as  it  is  a measure  of 
the  total  solar  radiation  reflected  back  to  space  by 
the  clear-sky  portion  of  each  latitude  belt  on  an  an- 
nual basis.  The  values  of  clear-sky  albedo  are  com- 
pared with  the  minimum  albedo  obtained  from  29 
months  of  satellite  observacions  by  Vonder  Haar 
and  Ellis  (1975)  in  Fig.  1.  .\lthough  sampling  by 
various  satellites  ocemred  at  just  one  local  time  dur- 
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Fic.  I . Model  clear-sky  albedos  compared  with  minimum  albedos 
from  Yonder  Haar  and  Ellis  (1975). 

ing  daylight  hours,  the  29-month  set  includes  late 
morning,  near  noon  and  early  afternoon  orbits;  so 
the  results  may  be  considered  to  correspond  to  a 
mean  solar  zenith  angle. 

Viewing  geometry  and  the  presence  of  clouds  over 
snow  and  ice  make  observations  near  the  poles  un- 
reliable; so  only  the  portion  of  the  globe  between 
latitudes  65°N  and  63”S  should  be  considered. 
Substantial  differences  between  the  model  and  the 
minimum  albedo  exist  at  high  latitudes  in  the  South- 
ern Hemisphere  and  near  the  Equator.  The  former 
is  a region  of  extensive  cloudiness  [up  to  80%  aver- 
age cloud  cover  (van  Loon,  1972)],  and  it  is  possible 
there  were  no  totally  cloud-free  satellite  viewings 
recorded,  resulting  in  the  3-10%  positive  dis- 
crepancy. Since  one  set  of  radiatively  active  con- 
stituents is  used  in  the  atmospheric  model  to  rep- 
resent the  whole  globe,  the  parameterization  is 
adequate. 

b.  Cloudy-sky  albedo 

The  spectrally  averaged  rericctivitv  of  an  isolated 
cloud  layer  is  a function  of  the  pitysical  properties 
of  the  cloud  and  the  zenith  angle  of  the  incident  solar 
radiation.  The  albedo  of  a cloudy  sky  further  de- 
pends on  the  reflectivity  of  the  underlying  surface. 
Since  the  number  of  va.lables  involved  in  specifying 


a cloud  completely  for  a radiative  transfer  com- 
putation is  large  and  the  nature  of  cloud  cover  and 
underlying  surface  is  variable,  parameterization  of 
the  reflectivity  is  necessary.  In  the  present  work, 
the  cloud-sky  albedo  is  assumed  to  depend  on  the 
mean  solar  zenith  angle  and  reflectivity  of  the  under- 
lying surface.  An  empirical  relatici,  between  the 
effective  albedo  of  a cloudy  sky  over  a nonreflect- 
ing surface,  derived  from  the  results  of  Dave  and 
Braslau  (1973),  is  extended  to  yield  cloud-sky 
albedos  using  a multiple-reflection  model  as  in 
Wiscombe  (1975). 

Dave  and  Braslau  (1973)  have  presented  results 
for  a deuiled  atmospheric  model  with  midlatitude 
summer  water  vapor  and  ozone  distributions  and 
two  tropospheric  aerosol  concentrations,  and  also 
a nonabsoii>ing  cloud  layer  between  3 and  4 km. 
For  parameterization,  their  model  with  average 
aerosols  (Cl-ST)  has  been  chosen  and  an  excellent 
fit  to  the  planar  reflectivity  over  a black  surface  is 
obtained  with 

a^(R  • 0,6)=*  0.194  -i-  4.9  x 10-»  tf*,  (5) 

where  6 and  R have  been  defined  previously.  To 
extend  this  relation  to  reflecting  surfaces,  Eq.  (4) 
is  used,  again  with  13%  absorption.  The  cloud 
model  used  by  Dave  and  Braslau  has  an  optical 
depth  of  3.33  at  0.33  urn  and  a diffuse  albedo  of 
33.2%.  This  model  (henceforth  called  Model  C)  has 
been  used  to  calculate  the  cloud-sky  albedo  Of  for 
each  latitude  belt  and  month  of  the  year,  and  the 
insolation-weighted  annual  mean  cloud-sky  albedo 
IS  shown  in  Fig.  2 along  with  the  values  of  Ot  de- 
duced by  Cess  ( 1976)  using  satellite  measurements 
of  the  global  albedo  and  mean  annual  cloud  caver. 
The  model  is  seen  to  be  an  underestimate  at  all  but 
equatorial  latitudes,  indicating  that  the  optical  depth 
used  in  the  model  is  too  low.  Choice  of  a larger 
optical  depth  and  assumption  that  the  cloud  layer 
is  nonabsorbing,  yields 

a,(R  - 0,  «)  » 0.3  + 4.25  x lO"’  6*.  (6a) 

henceforth  called  Model  A.  Another  model  albedo 
intermediate  between  that  of  Eq.  (3)  and  Model  A 
is  assumed  to  be 

ar(R  - 0,  9)  - 0.23  -h  4 623  X lO"’  9*  (6b) 

and  is  called  Model  B.  The  mean  annual  results 
have  been  presented  in  Fig.  2 along  with  the  model 
given  by  (3)  and  Cess  ( 1976). 

The  highest  reflectivity  is  given  by  Model  A and 
is  seen  to  be  an  overestimate  throughout,  while 
Model  B provides  good  correspondence  ai  mid- 
latitudes and  high  latitudes  The  three  cloud  models 
have  been  used  in  Eq.  ( 1)  to  give  the  latitudinal  dis- 
tribution of  mean  global  albedo  using  the  clear-sky 
albedos  of  Fig.  1 and  cloud-cover  fractions  C re- 


ported  by  Cess  (1976).  The  results  are  presented  in 
Fig.  3.  Also  marked  are  values  of  a,  from  satellite 
measurements  (Ellis  and  Vonder  Haar,  1976)  and 
from  the  Nimbus  6 ERB  experiment  (Jacobowitz 
et  al.,  1979).  Except  for  latitudes  poleward  of  63*. 
the  variation  is  seen  to  be  simulated  quite  well  by 
Model  B at  midlatitude.  The  Northern  Hemisphere 
planetary  albedo  A,  defined  by  Eq.  (2)  for  the  three 
models,  is  0.323  for  Model  A,  0.308  for  Model  B 
and  0.291  for  Model  C.  It  may  be  noted  that  the 
planetary  albedo  derived  from  the  satellite  results  of 
Ellis  and  Vonder  Haar  is  0.306.  The  three  models 
are  seen  to  cover  the  range  of  reasonable  values  of 
the  cloud-sky  albedo  and  the  planetary  albedo,  and 
as  such  may  be  used  as  the  basis  for  computing  the 
albedo  sensitivity. 

3.  Stratospheric  aerosol  layer 

There  is  a persistent  tenuous  layer  of  submicron 
size  aerosols  in  the  stratosphere  that  is  composed 
primarily  of  an  aqueous  solution  of  sulfuric  acid 
(Cadle  and  Grams,  1975).  The  number  concentration 
of  this  aerosol  layer  increases  after  major  volcanic 
events,  and  as  the  residence  time  of  these  aerosols 
is  of  the  order  of  a year  or  more,  this  enhanced 
concentration  persists  for  up  to  three  years.  Recent 
measurements  (Hofmann  et  al. , 1975;  Rosen  et  al. , 
1975)  during  a period  free  of  major  volcanic  activity 
have  given  a picture  of  the  worldwide  distribution 
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of  the  background  stratospheric  aerosol  layer.  Fol- 
lowing a volcanic  eruption  in  which  the  ejected  ma- 
terial penetrates  into  the  stratosphere,  there  is  a 
very  significant  enhancement  of  the  aerosol  layer. 
Even  after  the  larger  particles  that  form  part  of  the 
volcanic  debris  have  fallen  back  into  the  tropo- 
sphere, the  aerosols  formed  from  the  gaseous  ejec- 
tion remain.  Initially  this  enhanced  concentration 
is  limited  to  the  vicinity  of  the  explosion  but  in 
a matter  of  months  may  spread  globally  (Dyer  and 
Hicks,  1968).  The  enhancement  of  the  layer  may  be 
10  or  ?0  fold  in  the  latitude  belt  containing  the 
expic  on  (Volz,  1970)  and  this  can  definitely  be 
expected  to  have  radiative  effects. 

One  result  of  this  severe  enhancement  is  the  ad- 
ditional reflection  of  solar  energy  back  to  space, 
and  previous  work  mentioned  in  Section  1 shows 
that  this  indeed  is  the  major  radiative  effect.  How- 
ever, the  magnitude  of  this  effect  is  crucial  in  deter- 
mining the  radiative  perturbation  that  may  be  ex- 
pected from  an  enhancement.  The  albedo  sensitivity 
introduced  in  Section  2 is  a measure  of  the  increased 
solar  reflectivity.  A radiative  model  of  the  aerosol 
is  needed  to  compute  the  reflectivity  of  the  aerosol 
layer.  Mie  theory  for  sphencal  particles  may  be  used 
to  compute  radiative  parameters.  The  aerosol  com- 
position is  assumed  to  be  15%  HjS04  [Rosen.  1971 
(optical  constants  are  tabulated  m Palmer  and  Wil- 
liams,  1975))  and  a modified  gamma  size  distribu- 


9d4 


tion,  normalized  to  1 particle  cm~^  is  adopted 
(Shettle  and  Fenn,  1976); 

» 324r  exp(-18f),  (7) 

dr 

with  dn(r)!dr  the  number  of  particles  per  cubic 
centimeter  per  micron  within  the  radius  interval  dr, 
where  r is  in  microns.  At  the  mid-visible  wavelength 
of  0.55  fim,  the  radiative  parameters  are  )3„  - Ac 
■ 1.1  X 10'^  km"',  <u  = 1 and  g = 0.73,  with  A» 
and  extinction  and  scattering  coefficients, 

respectively.  d>  the  single  scattering  albedo  and g the 
asymmetry  parameter. 


thin  approximation  is  used  to  compute  the  reflectiv- 
ity of  the  layer.  Tn  this  limit  the  planar  albedo  a is 
given  by  (Coakley  and  Chylek,  1975) 

a tiid  • dfi  p(fi, -pio)<  (8) 

2 J, 

where  r is  optical  depth,  no  the  cosine  of  the  angle  of 
incidence  of  the  sunlight,  andp(/x,M')  is  the  azimuth- 
independent  part  of  the  scattering  phase  function. 
The  global  albedo  d is 

d « wr  I dfji  j dfi’p(fi,  -fi’)-  (9) 


a.  Aerosol  reflectivity 

As  in  the  case  of  a cloud  deck  overlying  a reflecting 
surface,  a multiple-reflection  model  may  be  used  to 
determine  the  albedo  sensitivity  of  the  stratospheric 
aerosol  layer.  For  this  the  reflective  property  of  the 
isolated  aerosol  layer  has  to  be  determined  based 
on  the  model  introduced  above.  Here  all  computa- 
tions are  made  at  a wavelength  of  0.55  Mm;  how- 
ever. radiative  properties  may  be  averaged  over  the 
solar  spectrum.  The  reflectivity  of  the  layer  at  0.55 
Mm  is  roughly  25%  greater  than  a solar  averaged 
value  (Hanhvardhan  and  Cess,  1976). 

Since  the  optical  depth  of  the  aerosol  layer  is 
small  even  after  major  volcanic  events,  the  optically 


It  may  be  noted  that  both  u(mo)  and  d are  directly 
proportional  to  the  optical  depth  in  this  limit.  The 
scattering  phase  function  is  computed  from  the 
model  parameters  and  the  integrations  in  (8)  and 
(9)  may  be  carried  out  for  selected  solar  zenith  angles 
following  the  procedure  of  Wiscombe  and  Grams 
‘.1976).  The  use  of  the  Henyey-Greenstein  phase 
function  (Hansen,  1969),  which  is 
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where  g *s  the  asymmetry  parameter  and  ( the 
cosine  of  the  scattering  angle,  introduces  only  small 
errors  in  flux  and  is  used  here  because  closed  form 
solutions  can  be  obtained  for  u(m)  and  d.  These  are 
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where  <i<o  * 1,  d»,  » 3g/4  and  « (4/  + 3)g"*‘ 
and  P,  is  the  Legendre  polynomial  of  order  /. 

Eqs.  (11)  and  (12)  give  the  reflectivity  of  an  iso- 
lated aerosol  layer  for  direct  and  diffuse  solar 
radiation,  respectively.  This  layer  is  treated  as 
a thin  lid  covering  the  earth-atmosphere  system  in 
order  to  compute  the  albedo  sf  itivity.  An  assump- 
tion made  here  is  that  the  reflc^.ion  from  the  portion 
of  the  atmosphere  above  the  layer  is  negligible.  The 
altered  albedo  of  :1..*  underlying  system  which  is 
composed  of  the  atmosphere,  clouds  and  land  is 
obtained  from  the  multiple-reflection  model  (Eq.  t4)J 


olMo)  ” U(Mo) 


g (Mo)[l  - u(Mq)l*  1 ~ d) 
1 - ug'(Mfl) 


(13) 
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using  Eq.  (2),  to  yield  the  albedo  sensitivity.  Each 
latitude  belt  is  identified  with  a different  mean  solar 
zenith  angle,  so  the  planar  reflectivity  of  the  layer, 
u(m«).  will  be  different.  Also,  land  form  and  cloud 
cover  are  variable  over  the  globe,  so  the  radiative 
perturbation  caused  by  the  introduction  of  an  en- 
hanced stratospheric  aerosol  layer  will  be  latitude 
dependent.  If  seasonal  effects  are  considered  instead 
of  mean  annual  averages,  the  changing  solar  zenith 
angle,  cloud  cover  and  land  reflectivity  will  produce 
a seasonal  dependence  as  was  shown  by  Herman 
et  al.  (1976). 

4.  Ptanetai7  albedo  changes 


where  o'Imo)  is  the  unperturbed  system  albedo  and 
g(M«)  the  albedo  in  the  presence  of  the  aerosol  layer. 
As  there  is  no  absorption  in  the  model  aerosol  layer 
at  0.55  Mm  (w  1).  T^  ■ 1 - u(mo)  and  7^  ■ 1 — d. 
Eq.  1 13)  may  be  applied  to  each  latitude  belt  and  the 
resulting  albedo  integrated  over  each  hemisphere 


.As  mentioned  in  Section  2.  the  hemispheric  plane- 
tary albedo  is  calculated  by  integrating  the  albedo 
a,  of  each  latitude  belt  over  the  hemisphere  using 
Eq.  (2).  The  urperturbed  zonal  albedo  a,  is  cal- 
culated using  ( 1)  in  which  mean  annual  cloud-cover 
fractions  may  be  used.  To  compute  the  perturbed 
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Ta*li  1.  Albedo  of  aerotol  Uyer  at  O.Si  mR>:  f ~ 0.73. 


Latitude 

(*N) 

Cotine  of 
mean  solar 
zenith  angle 

S3 

0.237 

1.043 

73 

0.274 

0.941 

63 

0.316 

0.739 

33 

0.383 

0.320 

43 

0.433 

0.384 

33 

0.313 

0.302 

23 

0.360 

0.234 

13 

0.392 

0.227 

3 

0.609 

0.214 

ilT  « 0.401 

planetary  albedo,  climatological  cloud-cover  frac- 
tions should  be  used  as  the  albedos  of  the  cloudy 
and  cloud-free  portions  of  the  zone  are  significantly 
different  and  so  may  be  expected  to  be  perturbed 
to  different  extents  with  the  addition  of  a reflecting 
layer.  Moreover,  lower  latitudes  cover  more  area 
and  have  greater  insolation  over  the  year,  so  plane- 
tary albedo  changes  will  be  weighted  in  favor  of  low- 
latitude  changes.  Apart  from  the  above,  the  wide 
variation  in  planar  reflectivity  a(Mo)  of  the  strato- 
spheric aerosols  with  latitude  will  be  a dominant 
effect.  Table  1 gives  the  planar  albedo  at  0.55  ixta  for 
the  model  aerosol  layer  for  annual  mean  solar  zenith 
angles  corresponding  to  the  different  latitude  belts. 
The  effect  of  latitude  on  the  albedo  sensitivity  may 
be  illustrated  by  using  (13)  to  compute  the  change 
in  the  albedo  of  the  earth-atmosphere  system 
for  arbitrary  unperturbed  system  albedos.  This 
is  presented  in  Fig.  4 for  the  model  nonabsorbing 
aerosol  layer.  The  ordinate  is  the  albedo  sensitivity 
- o'(^t<,)]/T  and  a'(n)  is  the  unperturbed  sys- 
tem albedo.  Results  are  presented  for  direct  beam 
radiation  at  the  solar  zenith  angles  corresponding  to 
different  latitudes  and  for  diffuse  radiation.  Two  fea- 
tures may  be  noted  from  this  figure.  The  albedo 
sensitivity  for  latitudes  equatorward  of  45*  is  less 
than  that  for  diffuse  radiation.  These  latitude  belts 
contain  over  70%  of  the  surface  area  and  receive 
more  solar  insolation  than  regions  poleward  of  45*. 
This  explains  some  of  the  discrepancies  in  planetary 
albedo  sensitivity  obtained  by  using  different  aver- 
aging procedures  as  described  later.  The  other  no- 
table feature  is  the  almost  linear  relationship  be- 
tween the  albedo  sensitivity  and  surface  reflectivity 
at  high  latitudes.  This  feature  is  present  also  in  the 
case  of  slightly  absorbing  aerosols  as  shown  in  Fig. 
5,  in  which  results  at  two  mean  solar  zenith  angles 
corresponding  to  85  and  5*N  latitude  are  presented 
for  (o  = 0.‘)9.  0.95  and  0.9. 

Here  three  methods  of  estimating  planetary 
albedo  changes  are  compared.  A hemispheric  an- 
nual average  albedo  sensitivity  is  obtained  by  con- 


SURFACE  REFLECTIVITY 

Fig.  4.  Albedo  sensitivity  for  model  aerosoi  layer  for  direct- 
beam  radiation  at  annual  mean  solar  zenith  angles  corresponding 
to  latitudes  85*.  65*.  33*,  33*.  3*  and  for  diffuse  radiation. 


SURFACE  REFLECTIVITY 

Fig.  3.  As  in  Fig.  4 except  for  only  83*  and  3*  lautudes  with 
w - 1.0,0.99,  0.93  and  0.9. 
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sidering  the  change  in  the  Bond  albedo  of  the  earth 
atmosphere  system.  For  a particular  set  of  albedos 
oe,  and  a,  and  cloud-cover  fraction  C,  the  planetary 
albedo  is  computed  from  Eq.  (2).  Now  it  is  assumed 
that  a uniform  optically  thin  layer  of  aerosol  covers 
the  planet.  Using  the  multiple-reflection  model,  the 
new  system  albedo  is 


A„,w  « a + 


A„,(l  - d)« 

1 - oAoitf 


(14) 


Note  that  the  diffuse  or  Bond  albedo  d of  the 
stratospheric  layer  has  been  used  which  for  the 
present  model  is  0.4r  (Table  1),  such  that  the  albedo 
sensitivity  is 

An«w  ~ Aoitf  ^ 0.4(1  — Aqiij)* 

T 1 - 0.4Mo(^ 


- 0.4(1  - Am)*  (15) 

when  r <<  1.  Another  approach  is  to  compute  the 
change  in  reflectivity  of  each  latitude  belt  with 
constant  cloud  cover.  This  is  a zonal  annual 
average  accomplished  by  applying  the  reflection 
scheme  to  each  Op  and  then  integrating  over  the 
hemisphere  using  (2).  The  change  in  planetary 
albedo  is  then 


A 


new 


~ A old 


4/5 


•ir/l 

.0 


- «,.oid)C  cos<bd(i>. 


(16) 


where,  for  each  latitude  belt. 


, a».oid(l  - d)[l  - a(d>)] 
a{<9)  + ; : 

1 ~ OOfM 


(17) 


with  ^ the  latitude.  The  zenith-angle-dependence  of 
the  planar  reflectivity  has  been  translated  to  a 
latitude-dependence.  The  mean  annual  solar  zenith 
angle  has  been  chosen  for  this  purpose. 

The  zonal  annual  average  computation  may  also 
be  carried  out  separately  for  the  cloudy  and  clear 
sky  portions  of  the  atmosph  re.  Here  the  multiple- 
reflection  mod'll  takes  the  form 


Oc4.oid(l  - d)[l  - a(d>)l 


1 - aOfjj»id 
“ ap.old  “ (Or.ntw  “ Olf.old)^ 

^ (ci»j>tw  ~ <*t.old)(l  — C). 


(18) 

(19) 


The  three  methods  of  computing  the  albedo  sen- 
sitivity have  been  carried  out  for  the  clear-sky  al- 
bedos and  the  three  model  cloudy  albedos  given  in 
Figs.  I and  2,  respectively.  The  hemispheric  albedo 
sensitivity  calculated  using  the  three  methods  is 
listed  in  Table  2 along  with  the  unperturbed  plane- 
tary albedo  for  the  three  different  cloud  model.s  and 
also  for  albedo  values  deduced  by  Cess  (1976)  from 
satellite-derived  results  in  Ellis  and  Yonder  Haar 
(1976). 

The  results  of  the  albedo  sensitivity  computation 
are  significant  in  two  ways.  First,  there  is  a substan- 
tial reduction  in  the  sensitivity  when  a zonal  average 
is  taken  instead  of  a hemispheric  average.  The  mean 
value  of  this  reduction  is  31%  for  the  four  cases 
considered.  This  lower  value  is  a more  appropriate 
measure  of  the  mean  annual  planetary  albedo  sen- 
sitivity to  a uniform  stratospheric  aerosol  perturba- 
tion. The  explanation  for  this  reduction  may  be 
found  in  Table  1 and  Fig.  4.  The  planar  reflectivity 
of  the  aerosol  layer  is  a very  strong  function  of  the 
zenith  angle  and  the  use  of  hemispheric  averaging 
is  equivalent  to  assuming  a diffuse  reflectivity  which 
is  greater  than  the  planar  reflectivity  for  mean  solar 
zenith  angles  corresponding  to  latitudes  equator- 
ward  of  45°.  The  increased  reflectivity  of  the  layer 
in  polar  regions  is  compensated  by  the  effect  of  lower 
latitudes  which  have  more  area  and  receive  more 
solar  insolation. 

The  other  feature  of  the  results  is  the  insignificant 
change  in  albedo  sensitivity  when  cloudy  and  clear- 
skv  poitions  of  each  latitude  zone  are  considered 
separately.  This  may  seem  surpnsing  because  the 
al^do  sensitivity  is  a strong  function  of  the  re- 
flectivity of  the  underlying  surface  as  is  shown  in 
Fig.  4.  However,  the  relationship  is  monotonic  and 
nearly  linear  for  the  higher  latitudes;  the  same  is 


AlLI  2.  Albedo  lensilivity  ai  0.55  titn. 


Albedo  tensiuvity  AA/ar 


Zonal  annual  Zonal  annual 

Hemuphenc  average  icloudy  and  average  (cloudy  and 

Planetary  albedo  annual  average  clear  combined)  clear  separate) 


Models 

N.H. 

S H. 

N H. 

S.H. 

N H. 

S H. 

N.H. 

S.H. 

A 

0.323 

0.327 

0.IS4 

0.182 

0 1^5 

0.123 

0.132 

0 123 

B 

0.30t 

0.309 

0.192 

0.191 

0 130 

0.132 

0.137 

0 139 

C 

0.291 

0.239 

0.138 

0 142 

0.143 

0 147 

Cess 

0.306 

0.301 

0.193 

0.196 

0 132 

0 !3t 

0 138 

0.140 

N.H.  “ Nortbam  Hemupbeia.  S.H.  - Southern  Hemisphere. 


true  for  lower  latitudes  when  the  underlying  system 
albedo  is  less  than  O.S.  The  effective  albedo  of  a 
partly  cloudy  area  lies  between  the  cloudy  and  dear- 
sky  albedos,  the  exact  value  depending  on  the  cloud- 
cover  fraction  CtEq.  (1)].  Owing  to  the  near  linearity 
of  the  albedo  sensitivity  relationship,  the  value  ob- 
tained by  considering  uoudy  and  clear-sky  portions 
separately  and  considering  an  effective  zonal  albedo 
are  very  nearly  the  same.  The  significance  of  this 
result  is  that  it  is  not  essential  to  know  the  exact 
cloud  cover  fraction  and  cloudy  and  clear-sky  albe- 
dos to  compute  the  albedo  sensitivity  in  this  case. 
This  argument  holds  for  slightly  absorbing  aerosols 
as  well,  as  shown  in  Fig.  5.  Satellite  measurements 
of  effective  zonal  albedos  are  available  by  month 
in  10*  latitude  belts  (Ellis  and  Vonder  Haar,  1976) 
and  present  earth  radiation  budget  studies  are  geared 
to  obtaining  this  information.  Therefore  it  is  possible 
to  estimate  the  albedo  sensitivity  of  different  lati- 
tude zones  over  the  annual  cycle  with  current  data. 

5.  Radiative  perturbations 

a.  Monthly  albedo  sensitivity 

The  procedure  for  computing  the  monthly  albedo 
sensitivity  is  similar  to  the  annual  case.  The  unper- 


Fic.  6.  Monthly  zonal  albedo  senamvity  uami  model  reflectivity 
at  0.i5  urn. 


MONTH 


Fio.  7.  Ai  in  Fig.  6 erccpi  with  solar-averaged  reflectivity. 


turbed  zonal  albedo  Ooio  is  taken  to  be  the  mean 
monthly  values  quoted  in  Ellis  and  Vonder  Haar 
(1976).  By  the  discussion  in  the  previous  section, 
we  need  not  take  into  account  the  cloudy  and  cloud- 
free  portions  of  the  zone  separately.  The  reflectivity 
a(^)  of  the  aerosol  layer  is  a function  of  the  solar 
zenith  angle,  the  variation  of  which  must  be  included 
in  the  computation.  To  simplify  matters,  the  21st 
day  of  each  month  has  been  chosen  to  compute  the 
aerosol  layer  reflectivity  which  has  been  averaged 
over  the  zenith  angles  made  by  the  path  of  the  sun 
on  that  day  for  the  midpoint  of  each  latitude  belt. 
The  albedo  perturbation  caused  by  the  presence  of 
a nonabsorbing  stratospheric  aerosol  layer  of  incre- 
mental optical  thickness  At  will  then  be  (o„,w 
- 0,14).  wnere  o„,w  is  given  by  Eq.  (17).  With  the 
assumption  that  the  optical  depth  at  0.55  iunt  (de- 
noted by  r,u)  is  represenutive  of  the  aerosol  layer, 
the  albedo  sensitivity  Ao/Ar  obtained  from  (17)  has 
been  plotted  in  Fig.  6. 

The  isopleths  in  Figs.  6 and  7 are  in  umts  of  change 
of  albedo  per  unit  change  in  optical  depth  or.  alter- 
nately, the  change  m albedo  in  percent  of  incident 
solar  energy  for  an  optical  depth  perturbation  of 
At  « 0.0 1 . The  dominant  feature  is  seen  to  be  the 
zenith-angle-dependence  translated  here  in  a monthly 
and  latitudinal  dependence.  Over  high  latitudes  the 
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Fio.  I.  Chuige  1q  lyitcra  albedo  is  percent  with  addition  of 
aeroaol  layer  of  optical  depth  0.03  at  0.3  present  model 
(above)  ai^  Herman  tt  cl.  (1976)  (below). 


effect  of  surface  reflectivity  may  also  be  noticed, 
such  as  the  lower  valu.  of  ^o/Ar  in  late  winter  and 
early  spring  when  there  is  snow  cover  on  the  ground. 
This  phenomenon  has  been  discussed  in  Section  4 
with  the  help  of  Fig.  4.  Fig.  7 is  a plot  of  the  solar- 
averaged  allMdo  sensitivity  which  is  obtained  by  re- 
peating the  computations  carried  out  at  0.53  fjim  at 
a number  of  wavelengths  and  taking  a weig")ted 
mean.  The  aerosol  considered  here  is  slightly  ab- 
sorbing in  the  solar  infirared  and  Eq.  (17)  may  be 
rephrased  in  terms  of  th;  transmission  as 


■ d 


1 dCKol4 


(20) 


where  T is  planar  transmis.*<on  a f is  spherical. 

These  figures  may  be  compared  with  Figs.  5 and 
11.  respecuvely.  of  Herman  et  al.  (1976)  who  have 
plotted  the  change  in  albedo  in  peicent  for  a strato- 
spheric aerosol  perturbation  optical  depth  of  0.03 
at  0.5  |idn.  Their  results  are  for  the  Northern  Hemi- 
sphere fo**  a prescribed  surface  albedo  variation 
according  to  three  classes  of  surface  (bare  ground, 
open  water  and  ice  or  snow).  Clouds  are  assumed 
to  cover  50%  of  the  area  and  are  simulated  by  re- 


sults conespoiiding  to  a ground  albedo  of  0.5.  Their 
results  for  nonabsorbing  aerosols  show  very  clearly 
the  high-latitude  regions  of  minimum  albedo  sen- 
sitivity in  spring  and  maximum  albedo  sensitivity 
in  the  fall.  Their  results  for  75%  HjS04  average  - 
over  solar  wavelengths  correspond  quite  closely  to 
Fig.  7 presented  here  except  for  high-latitude  regions 
in  the  spring  and  fall.  The  comparison  is  facilitated 
by  replotting  Fig.  7 for  the  Northern  Hemisphere 
for  an  optical  depth  ot  0.03  at  0.5  nm.  This  is  shown 
in  Fig.  8 in  which  Fig.  1 1 of  Herman  e:  al.  (1976)  has 
been  reproduced  f^n*  comparison.  (It  should  be  noted 
that  the  scattering  phase  function  used  in  their  work 
is  slightly  different  from  the  one  used  here.)  One 
reason  for  the  discrepancy  is  the  low  values  of  al- 
bedo for  high-latitude  regions  quoted  by  Ellis  and 
Yonder  Haar  (1976),  who  recognize  that  their  results 
are  quit:  uncertain  in  the  70-90*  latitude  range. 

b.  Radiation  balance  and  climate  modeling 

The  annual  and  monthly  zonal  albedo  sensitivity 
results  have  important  implications  in  energy-balance 
climate  modeling.  The  sensitivity  of  these  models 
is  usually  related  to  perturbations  in  the  magnitude 
of  the  solar  constant.  For  example,  both  Sellers 
(1969)  a.»J  Budyko  (1969)  refer  to  an  increase  in 
volcanic  dust  loading  and  a decrease  in  the  solar 
constant  interchangeably.  However,  eve.i  a uniform 
dust  layer  of  global  extent  will  not  lead  to  a uniform 
reduction  in  the  solar  energy  received  by  a column 
of  the  earth-atmotph;:«  s^  ii:m  below  the  strato- 
spheric layer.  The  .utipuutions  presented  here 
have  shown  how  this  reduction  is  distributed  in 
latitude  and  with  season.  The  basic  equation  of  zonal 
energy  balance  on  an  annual  mean  basis  is  (Budyko, 
1969) 

Q(«6)[l  - a(4>)]  - H<b)  - Dtdi).  (21) 

where  Q(<b)  is  the  solar  insolation  at  latitude  <b, 
a(<b)  the  albedo,  /(d>)  the  outgoing  terrestrial  in- 
frared radiation  and  D{d>)  the  divergence  of  heat. 
Vhe  presence  of  a stratospheric  aerosol  layer  modi- 
fies a through  increased  reflectivity  and  / through 
OP  increased  greenhouse  effect  acting  in  the  op- 
posite direction.  The  reduction  in  sola^  energy  ab- 
sorbed caused  by  a uniform  stratospheric  layer 
of  ■ 0. 1 is  plotted  in  Fig.  9 which  follov-  s from 
Fig.  7 and  the  distribution  of  Qi6)  for  e,tch  month. 

The  net  loss  in  a column  of  the  earth-atmosphere 
system,  however,  is  Qla  -t-  AY  (note  that  AY  is  a 
gain,  hence  negative),  which  is  the  change  in  the 
radiation  balance  and  it  is  necessary  to  compute  the 
infrared  greenhouse  sensitivity  of  the  aerosol  layer. 
This  is  done  using  an  atmospheric  radiation  model 
similar  to  the  one  by  Harsh vardhan  and  Cess  (197$) 
in  which  an  emissivity  formulation  has  been  used  to 
calculate  the  infrared  flux.  Water  vapor  and  carbon 
dioxide  are  considered  to  be  the  gaseous  absorbers 
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Fig.  9.  Reduction  in  mean  monthly  «>lar  energy  absorbed  I W m'*) 
with  addition  of  aerosol  layer  of  > 0 I. 


in  the  atmosphere  and  a 4 km  thick  layer  of  the  modei 
aerosol  layer  is  added  to  determine  the  enhanced 
greenhouse  effect.  The  coniputations  have  been 
carried  out  for  the  model  atmospheres  g:ven  by 
McGatchey  et  al.  ( 1972)  for  clear  skies  and  a cloudy 
sky  with  cloud  top  based  on  the  tabulation  of  Ohring 
and  Adler  (1978)  for  the  Northern  Hemisphere.  The 
aerosol  layer  was  positioned  to  correspond  to  the 
observed  level  of  peak  concentration  at  different 
latitudes  (Rosen  aL,  1975).  Results  are  presented 
in  Table  3 in  which  the  infrared  greenhouse  s^n- 
sii.vity  is  expressed  in  (W  m'*)/T,u  and  is  seen  to  be 
a maxitr.um  in  the  tropics  and  a minimum  for  the 
subarctic  winter  model.  Thir  effect  is  greatest  when 
the  temperature  difference  between  the  effective 
radiative  temperature  of  the  atmosphere  ar.d  the 
stratospheric  aerosol  layer  is  greatest,  which  is  why 
the  clear-sky  cases  are  more  sensitive  than  the 
cloud-sky  cases  and  there  is  a large  variation  from 
one  atmospheric  m\.dcl  to  another. 

From  the  table  it  can  be  seer,  that  an  increase  in 
t.he  aerosol  optical  thickness  of  7, „ = 0.1.  for  exam- 
ple. would  result  in  an  increase  in  radiation  trapped 
m the  earth -atmosphere  column  under  clear-sky 
conditions  of  1.4  W m'-  in  the  tropics  and  0.5  W 
m“*  in  the  subarctic  winter.  Cloudiness  may  be  taken 


Taslc  3.  Infrared  greenhouse  sensitivity. 


Infrared  greenhouse 
sensitivity  (W  m**VT« 

Model 

Clear  sky 

Qoudy  sky 

Tropical 

13.9 

7.7 

Midlatitude  summer 

13.1 

7.9 

Midlatitude  winter 

S.2 

5.3 

Subarctic  summer 

10.'' 

6.4 

Subarctic  winter 

J.3 

4.0 

into  account  by  a weighting  of  the  clear-  and  cloud 
sky  results.  This  greenhouse  moderation  when  co.  .- 
bined  with  solar  depletion  results  in  the  distribution 
of  net  energy  loss  Qla  II  &s  shown  in  Fig.  10 
for  Tvi,  *0.1.  Rather  than  use  cliraatclogical 
cloudiness,  the  average  of  the  clear-  and  cloudy-sky 
results  has  been  used.  Also,  the  greenhouse  effect 
in  spring  and  fall  has  been  taken  as  intermediate 
between  winter  and  summer.  There  is  a secondary 
effect  that  has  not  been  included  in  this  analysis. 
Infrared  absorption  by  the  aerosol  layer  warms  that 
region  of  the  atmosphere  and  emission  at  the  higher 
temperature  moderates  the  infrared  greenhouse 
sensitivity.  Model  calculations  show  this  to  be  about 
25%  if  the  layer  warms  by  2.5  K for  7*1,  = 0.1. 


rio.  10  Reduction  m the  zonal  radiation  balance  iW  m''l  with 
addiuon  of  aerosol  layer  of  • 0. 1. 


A 
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Fig.  11.  Change  in  the  effective  blacicbody  radiative  tem- 
perature of  the  atmosphere  (K)  with  addition  of  aerosol  layer  of 
” 0.1. 


One  observation  from  Fig.  10  is  that  the  presence 
of  a stratospheric  aerosol  layer  composed  of  75% 
H:S04  results  in  a loss  of  radiation  absorbed  within 
the  e’*'rh-atmosphere  system  at  all  latitudes  and 
seasons  except  the  polar  winter.  The  relationship 
between  this  net  decrease  in  energy  absorbed  and 
mean  atmospheric  or  surface  temperature  may  be 
established  through  climate  models.  The  maximum 
perturbation  in  the  radiation  balance  occurs  at  high 
latitudes  in  the  spring  and  fall,  whereas  polar  win- 
ters show  a net  gain  in  the  radiation  balance  due 
to  the  increased  greenhouse  effect.  Latitudes 
equatorward  cf  50“  show  a r. ; ;dy  uniform  reduction 
in  the  radiation  balance. 

The  magnitude  of  the  change  in  the  net  radiation 
is  only  a small  percentage  of  the  range  of  typical 
valuw*  of  the  radiation  balance.  Monthly  radiation 
balance  over  all  latitudes  have  been  presented  by 
Ellis  and  Yonder  Haar  ( 1976)  and  values  range  from 
- 175  W m**  in  the  South  Polar  winten  to  -t- 1 10  W 
m"*  in  the  Southern  Hemisphere  tropics  in  summer. 
The  uncertainty  in  mean  monthly  net  radiation 
measurements  ranges  from  3 to  14  W m"*  such  that 
the  computed  values  of  the  change  in  the  radiation 
balance  caused  by  the  aerosol  layer  of  7vu  * 0. 1 arc 
less  than  the  uncenainty  in  the  satellite  derived  data. 
The  eruption  cf  Mt.  Agung  produced  a perturba- 


tion of  about  0.2  in  r,i,  for  about  a year  in  the  South- 
ern Hemisphere  (Volz,  1970).  It  is  unlikely  that  per- 
turbations of  T,„  > 0.1  will  occur  for  extended 
periods  of  time  following  volcanic  eruptions. 
Furthermore,  because  of  the  relatively  low  sensitiv- 
ity over  most  of  the  globe,  even  eruptions  of  mag- 
nitude greater  than  that  of  Agung  will  not  appreci- 
ably alter  the  net  radiation. 

The  perturbation  in  the  radiation  balance  can  also 
be  expressed  as  a change  in  the  effective  blackbody 
radiative  temperature  of  the  atmosphere.  This 
change  is  given  by 


AT  = - 


(2Ao  -I-  A/ 
4<Tr» 


(22) 


where  o-  is  the  Stefan- Boltzmann  constant,  T the 
effective  blackbody  radiative  temperatur'.  of  the 
atmospheric  column  which  is  computed  from  the 
emitted  infrared  radiation  tabulated  in  Ellis  and 
Yonder  Haar  (1976),  and  {Q^a  + AT)  the  decrease 
in  the  radiation  balance.  Fig.  11  is  a plot  of  AT(K) 
for  T,u  * 0.1.  The  major  features  detected  in  the 
plot  of  radiation  balance  perturbation  appear  en- 
hanced in  this  representation.  It  can  be  seen  that 
the  major  radiative  effect  of  the  stratospheric 
aerosol  layer  occurs  in  the  spring  and  fall  when 
there  is  a pronounced  change  in  the  equator-to-pole 
radiative  energy  gradient.  As  the  results  oertain  to 
the  entire  atmospheric  column,  it  is  nut  possible 
to  estimate  the  change  in  the  diabatic  heating  at 
various  levels  of  the  atmosphere  or  estimate  surface 
temperature  changes.  However,  it  appears  from  this 
analysis  that  a uniform  layer  of  stratospheric  aero- 
sols would  have  only  a small  effect  on  the  long  term 
radiative  re^me  equatorward  of  50-60“,  if  the  change 
in  turbidity  corresponded  to  that  caused  by  the  Agung 
eruption.  Even  this  small  change  in  the  radiation 
balance,  though  probably  undetectable  from  a space 
platform,  could  induce  climatically  significant 
changes  through  an  alteration  in  the  dynamics 
caused  by  the  change  in  the  equator-to-pole  radia- 
tive energy  gradient.  Of  course,  this  hypothesis  can 
only  be  tested  by  a dynamic  model.  Also,  the  local- 
ized radiative  effect  in  the  vicinity  of  the  aerosol 
layer  would  still  be  considerable  as  discussed  in 
Harshvardhan  and  Cess  ( 1976). 


6.  Summary 

The  present  study  has  examined  the  role  of  strato- 
spheric aerosols  in  altering  the  radiation  balance 
of  the  earth-atmosphere  system.  It  has  been  con- 
firmed that  for  an  aerosol  layer  of  75%  HjS04  the 
dominant  influence  is  an  increased  reflection  of  solar 
energy  all  over  the  globe  except  for  the  polar  winters 
when  there  is  no  solar  insolation.  .\n  important  con- 
clusion resulting  from  the  albedo  sensitivity  compu- 
tations is  the  necessity  of  including  solar  zenith  angle 


effects  in  considering  albedo  enhancement.  It  was 
also  pointed  out  that  the  separation  of  areas  into 
cloud-coverec  and  cloud-A«e  is  unnecessary  in  the 
calculation  of  the  radiative  effects  of  the  reflecting 
layer.  This  enables  the  use  of  mean  monthly  plane- 
tary albedos  obtained  from  satellite  measurements 
to  calculate  the  change  in  the  radiation  balance  of 
each  zonal  belt  caused  by  the  presence  of  a strato- 
spiieric  layer.  The  perturbation  in  the  radiative  bal- 
ance may  be  used  to  simulate  the  radiative  effect 
of  a stratospheric  aerosol  layer  in  climate  studies. 
Results  indicate  that  the  perturbation  is  strongest 
at  high  latitudes,  particularly  in  the  polar  region,  in 
the  spring  and  fall. 
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AbMncS— An  investifatioti  has  been  nude  of  the  impact  of  wind-blown  dust  partKles  upon  local  climate  of 
arid  rcfioDs.  The  case  of  Northwest  India  is  specific^Iy  considered,  where  a dense  layer  of  dust  persists  for 
several  months  (.urini  the  summer.  In  order  to  esamuie  the  effect  of  this  dust  layer  on  the  infrared  radiati''e 
flux  and  coolini  rates,  a method  is  presented  for  calculatmg  the  i.r.  flux  withm  a dusty  atmosphere  which 
allows  the  use  of  pscous  band  mo^ls  and  is  applicable  in  the  limit  of  small  single  scattenng  albedo  and 
pronounced  forward  scanenng.  The  participating  componenu  of  the  atmosphere  are  assumed  to  be  water 
vapor  and  spherical  quartz  particles  only.  The  atmospheric  window  is  partially  filled  by  including  the  water 
vapor  continuum  bands  for  which  empirically  obtained  transmission  functions  have  been  used.  It  is  shown 
thu  radically  different  conclusions  may  be  dn»m  on  dust  effects  if  the  continuum  absorpuon  is  not 
considered.  The  radiative  transfer  model,  when  applied  to  a dusty  atmosphere,  mdicates  that  there  is  a 
moderate  enhancement  m the  atmospheric  greenhouse  and  a 10*1  increase  in  the  mean  i.r.  radiative  cooling 
rate,  relative  to  the  dust  free  case,  within  the  lower  troposphere.  These  results  have  been  compared  with 
previous  wxirk  by  othe'  authon  m the  context  of  the  possibility  of  dust  layen  inhibiting  local  precipitauon. 


1.  INTRODUCTION 

Recent  concern  with  the  role  of  atmospheric  aerosols  in  altering  the  energy  budget  of  the 
earth-atmosphere  system,  and  thus  affecting  global  climate,  has  led  to  numerous  investigations 
of  stratospheric  aerosols  with  long  residence  times  [HAjtsHv.MiDHAN  and  Cess,"’  Poix-sck  tt  alj^ 
PiNNiCK  et  CoAKLEY  and  Grams’*’],  as  well  as  tropospheric  aerosols  [Rasool  and 
Schneider."’  Yamamoto  and  Tanaka,'*'  Reck,'^  Wang  and  Domoto'*’]  which,  though  typically 
present  in  hi^r  concentrations,  have  residence  times  of  the  order  of  days  or  weeks.  However, 
situations  exist  in  which  tropospheric  particulate  matter  may  remain  suspended  for  extended 
periods,  and  through  an  alteration  of  the  radiative  balance  affect  local  climate.  Currently  there  is 
considerable  concern  with  the  climatic  impact  of  dust  layers,  panicularly  over  arid  regions  and  how 
they  might  enhance  desertification. 

A study  by  Bryson  and  Baerreis'*’  of  the  dust  layer  over  the  Rajasthan  Desert  in  north- 
western India  suggests  that  wind-blown  dust  plays  an  important  role  in  the  radiative  balance  of 
the  atmosphere  and  could  sufficiently  affect  the  dynamics  of  the  region  to  alter  precipitation 
over  the  desert.  Their  argument  is  that  the  dense  layer  of  dust  which  persists  over  the  entire 
area  for  several  months  during  the  summer  causes  a significant  increase  in  the  i.r.  radiative 
cooling  rate,  which  in  turn  increases  the  subsidence  over  the  desert,  thus  inhibiting  pre- 
cipitation. 

In  the  current  study  we  reexamine  this  problem  employing  recent  models  of  i.r.  gaseous 
absorption.  In  order  to  accomplish  this,  it  is  essential  to  construct  a radiative  model  for  the 
atmosphere  that  incorporates  wind-blown  dust  as  an  added  atmospheric  opacity  through  both 
absorption  and  scarienng  processes.  Recent  attempts  to  include  the  scattering  term  in  the 
expressions  for  flux  and  cooling  rates  have  involved  the  expansion  of  fluxes  in  terms  of  a 
backscattering  parameter  PVang  and  Domoto'*^,  the  two-stream  approxima'ion  [Reck'^],  and  a 
four-stream  discrete  ordinate  method  [Ackehman  tt  al."*”].  .An  earlier  model,  due  to  Sargent  and 
Beckman.'"’  used  a semi-tsotropic  scattering  model  within  the  equation  of  transfer  which  was 
solved  numerically  over  the  entire  frequency  range.  The  present  work  employs  an  exponential 
kernel  approximation  wuhin  the  radiative  transfer  equation,  which  yields  optical  depth 
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partmeters  that  can  very  easily  be  applied  to  atmospheric  band  models.  The  scattering  effects 
are  represented  in  terms  of  gross  scattering  parameters  such  as  the  single  scattering  albedo,  w, 
and  the  asymmetry  factor,  < cos  9 > , that  still  retain  the  non-grayness  and  anisotropy  of  the 
scattering  process.  The  detailed  angular  dependence  of  intensity  is  lost,  but  as  we  are  interested 
only  in  the  radiative  flux,  this  is  not  a handicap. 

The  radiative  model  developed  here  has  been  used  to  estimate  the  effect  of  a desert  aerosol 
layer  on  i.r.  cooling  rates.  In  order  to  keep  the  variables  to  a minimum,  water  vapor  has  been 
taken  to  be  only  gaseous  absorber  and  spherical  quartz  dust  particles  to  be  the  only  scatters. 
Data  obtained  by  PmasoN,"^  from  measurements  made  over  the  Rajasthan  Desert  of  north- 
western India,  have  been  used  in  the  study  and  climate  modifying  effects  have  been  evaluated. 

I water  vapor  model  and  flux  computation 

The  object  of  any  radiative  transfer  model  is  to  represent  the  selective  absorption  by 
atmospheric  constituents  in  a realistic  manner.  The  emissivity  formulation  given  by  Rodgers"’* 
is  simple  yet  accurate  for  flux  computations  and  has  been  employed  here.  The  Mayer-Goody"*’ 
statistical  model  has  been  used  to  represent  the  rotation  band  and  the  6.3  vibration-rotation 
band.  The  continuum  bands,  on  the  other  hand,  are  represented  by  empirical  fits  taken  from  the 
work  of  Ramanathan"’’  and  Roberts  et  al."*' 

The  upward  and  downward  fluxes  in  a cloudless  atmosphere  have  been  given  by  Rodgers  in 
terms  of  T,  and  T*,  defined  below,  and  yield 

»B{9)^^dP'- »B(9)^dP-  + itB(9,)T:  T • (1) 

At  any  pressure  level,  P,  the  net  radiative  flux  is  F(P),  where  Po  is  the  surface  pressure  and  do 
the  surface  temperature.  Here  T?  t is  the  modified  upward  slab  transmissivity  defined  by  eqn 
(3)  below,  evaluated  over  a path  from  Po  to  P,  while  T?  i is  the  downward  slab  transmissivity 
defined  by  eqn  (2)  and  evaluated  over  a path  from  P to  the  top  of  the  atmosphere.  The  slab 
transmissivity  is  defined  analogous  to  the  gas  emissivity  [Chap.  5 of  Goody"*']  and,  in  the  strong 
line  limit  IRodgers,"”  Goody"*'  and  Cess""”], 


2 t:^{rti)B,(e)^y> 

T.(d,  9)  - TAr<ta.  9)  - 

2 B,(9)Ai-i 

I 

while  the  modified  slab  transmissivity  is  given  by  (Chap.  6 of  Goody^'*’] 


(2) 


r:(d,9)-  r?(r^.9) 


;3) 


Here  d ■ aP,  where  a is  the  absorber  amount  and  P the  Curtis-Godson  broadening 
pressure  (Goody,"*'  p.  238]  which  accounts  for  the  inhomogeneity  of  the  atmosphenc  path,  is 
the  diffusivity  factor  taken  to  be  1.66.  is  the  mean  transmission  of  the  ith  spectral  range  of 
frequency  width  Avi,  and  Bi(9)  is  the  Planck  function  at  its  center  with  9 the  absolute 
temperature.  The  suffix  "c"  refers  to  column  transmissivities. 

Thus  the  calculation  of  the  radiative  flux  at  any  level  within  an  atmosphere  with  a given 
distribution  of  temperature,  pressure  and  absorber  amount  reduces  to  that  of  evaluating  the 
transmission,  Using  Goody's  model  of  random  line  positions  with  an  exponential  dis- 
tribution of  intensity,  in  the  strong  line  limit,  the  trar»smission  in  the  spectral  regions  of  the 
rotation  band  may  be  expressed  as  (Rodgers"”] 


exi 


(4i 
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where  Av  is  the  band  interval  having  N lines  of  intensity  SO’)  and  Lorentz  half-width  otO)-  The 

quantity  Z[S0)aL0)l'^  is  tabulated  at  20  cm''  intervals  from  0 to  1000  cm"'  on  p.  184  of 

1 

Goody"'*  for  three  temperatures.  We  select  260“K  for  use  in  this  study.  For  this  and  other 
bands,  the  temperature  dependence  of  the  transmission  has  been  neglected  following 
RoocERS,"’’  who  sutes  that  with  the  degree  of  approximation  involved  in  using  theoretically 
computed  emissivities  to  calculate  the  flux  in  a real  atmosphere,  nothing  is  gained  by  introduc- 
ing a temperature  dependence  for  the  transmission  For  the  6.3  /tm  band,  line  parameters 
obtained  from  the  work  of  Benedict  and  Calfee"**  [who  have  enumerated  SO)  and  atO)  at 
287.7*K]  were  .ised  to  compute  the  transmission  employing  eqn  (4),  with  20  cm"'  intervals  from 
1000  to  2000  cm"',  but  summing  over  the  individual  lines. 

In  this  work,  the  continuum  bands  have  also  been  included  since  they  contribute  to  the 
opacity  within  the  atmospheric  window,  where  dust  extinction  is  expected  to  have  a maximum 
influence.  An  average  transmission  through  each  of  the  regions  was  calculated  using  analytical 
expressions  provided  by  Ramanathan,"^  who  fitted  experimental  data,  whUe  we  have  followed 
the  suggestion  of  Roberts  et  at."*'  that  only  the  self-broadened  component  of  the  continuum 
absorption  in  the  800-1200  cm"'  region  be  retained.  Where  the  continuum  bands  overlap 
portions  of  other  bands,  the  multiplicative  property  of  the  mean  spectral  transmission  has  been 
empl  'yed  [Goody"**]. 

It  re.mains  to  specify  the  vertical  distribution  of  water  vaper  and  temperature  within  the 
atmosphere  and,  for  illustrative  purposes,  we  simply  choose  th.‘  global  model  employed  by 
Cess."^  The  vertical  distribution  of  water-vapor  partial  pressure,  P„  is  given  by 

P-/P^o*exp(-z/H,),  (5) 

where  P,a*  0.0128  atm  is  the  global  average  for  P,  at  the  surface,  ; is  altitude  and  the 
water  vapor  scale  height  given  by 


^•*l  + (5385Rr/gflo) 

with  H the  atmospheric  scale,  R and  g the  gas  constant  and  acceleration  due  to  gravity, 
respectively,  while  F « -dff/dz  denotes  the  lapse  rate  and  9o  the  surface  temperature.  With  this 
distribution,  the  scaled  absorber  amount,  a,  may  be  expressed  in  terms  of  the  atmospheric  and 
water-vapor  scale  heights  and  pressures  [Cess"^]. 

Although  a standard  atmosphere  or  a particular  sounding  may  be  used  with  the  model,  a 
hydrostatic  atmosphere  with  a constant  scale  height,  H.  evaluated  at  260*K,  has  been  employed. 
The  surface  pressure,  Po,  is  taken  to  be  1 atm  and  surface  te.mperature,  9o,  to  be  288*K,  which  is 
a global  mean.  A constant  lapse  rate  within  the  troposphere,  F » 6.3*K  km"',  prescribes  the 
temperature  distnbuiion. 

3.  ATMOSPHERIC  MODEL  WITH  DUST  EXTINCTION 

The  presence  of  a dust  layer  within  the  atmosphere  makes  the  computation  of  the  radiative 
flux  more  complicated  since  the  contribution  to  the  extinction  of  radiation  has  a scattering 
component  as  well  as  an  absorbing  component.  In  this  case,  the  solution  of  the  equation  of 
transfer  for  the  flux  cannot  be  wntten  in  terms  of  the  transmissivity  as  in  eqn  (I),  and  band 
models  for  gaseous  absorption  cannot  be  used.  However,  the  technique  presented  here  permits 
flux  computations  to  be  made  using  eqn  (I)  under  certain  restrictive  conditions,  which  are 
satisfied  by  the  dust  model  considered  here  and  could  probably  be  satisfied  by  other  poly- 
dispersions. 

The  procedure  consists  of  solving  the  equation  of  transfer  in  terms  of  the  mean  intensity, 
using  an  exponential  kernel  approximation  following  Wanc.""  Details  of  the  procedure  may  be 
obtained  from  Harshvardhan.'**  The  Eddington  phase  function [Shettle  and  Weinman'*'*]  is 
employed,  such  that 


p(cos  9)  ■ 1 + 3<cos  9)  cos  9, 


(7) 
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where  (cos  9)  is  the  asymmetry  factor  with  9 the  scattering  angle  and  p(cos  9)  satisfiei*  the 
normalization  condition 

112 j p(cosii)d(cos  9)«  1.  (8) 

Further, 

1/2 J p (cos  9)  cos  9 d(cos  9)  ■ (cos  9>.  (9) 


With  this  choice  of  p(cos9),  the  solution  of  the  equation  of  transfer  is  simplified  but  gross 
anisopropy  effects,  which  influence  the  emergent  flux,  are  retained.  It  is  assumed  that  the 
optical  properties  of  the  atmosphere  are  homogeneous.  This  implies  that  the  single  scattering 
albedo,  «,  is  independent  of  altitude.  The  single  scattering  albedo  may  be  written  as 


w 


(10) 


where  and  0 a are,  respectively,  the  monochromatic  scattering  and  extinction  coefficients 
for  the  polydispersion  and  0U  is  the  monochromatic  absorption  coefficient  of  the  gas  (water 
vapor).  In  a realistic  atmosphere  « will  vary  with  altitude,  as  these  quantities  depend  upon  the 
concentration,  but  here  the  value  of  the  single  scattering  albedo  at  the  ground  is  taken  to  be  the 
uniform  value  of  w throughout  the  atmosphere.  This  is  the  “worst-case"  choice  for  u if  dust 
extinction  fails  off  more  rapidly  with  altitude  than  gaseous  absorption,  as  is  shown  later. 

The  atmosphere  is  represented  schematically  in  Fig.  1.  The  equation  of  transfer  is  given  by 

^^/(r.M)-  /(T,^)-|£dMW.»*Wf‘')-(l-«)fl(T)  (U) 


for  axisymmetric  radiation.  All  radiation  quantities  are  monochromatic  and  the  suffix  v is 
suppressed  for  clarity.  Here  I is  the  monochromatic  intensity,  B is  the  Planck  function,  n is  the 
cosine  of  the  scattering  angle  9,  and  r is  the  optical  depth.  Introducing  the  mean  intensity  / and 
the  radiative  flux,  F substitution  of  the  expression  for  the  phase  function  in  eqn  (11) 
yields 

M ^/(t,ai)«  /(r,ft)-«S/{T)-345(cos  9)iif(r)-{l-u)B(r),  (12) 


where 


and 


/-|£dM/(M) 


T 


, , , , r, 

Fi(.  I.  Plant  pwaiM  timos^htrt  wiUi  diffuM  surfact  radiauon. 
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Equation  (12)  yields  the  expression  for  the  rate  of  radiation  leaving  an  element  of  unit  area. 
Upon  integration  over  n. 


(13) 

The  solution  of  eqn  (12)  yields  F(t)  in  terms  of  J and  B.  Following  Wang,"”  if  the  exponential 
integral  functions  £2  and  Ej  are  replaced  by  exponentials,  a second-order  differential  equation 
in  the  mean  intensity,  /,  can  be  obtained. 

This  differential  equation,  along  with  the  appropriate  boundary  conditions,  are  listed  below 
for  the  approximation  E:(t)  ••  a exp  (-bt)  and  £)(f)  alb  exp  i-bt)  and  are 


dV  . (l-g)(l-<5)d^B 
drS  l-<5(l-g)  dri* 

(14) 

^_,^=„(;,0)-.B(0)l. 

(I5a) 

d/(Tirf)  dB(Tk(f)  ,,,  , 

V— » - u(/(T|,ff)  -t;B(T|rf)  - <P], 

dTrf  dT,« 

(15b) 

I 


where 


Trf' 


( 1 - di)(b‘  - 3agi{cos  6)V] 


1 - <5(1  - <J) 


> 10 

) ’ 


(!-<5) 


(1  -<5)(!  -g) 
l-<5(l-g)  ' 


and 


4,, 1., 

I - <5(1  - g)  4ir 


(16) 

'17) 

(18) 


(19) 


with  / the  surface  emission  at  t » n.  Furthermore,  in  the  denvation  of  eqn  (14/,  we  also  obtain 
the  following  expression  for  the  radiative  flux: 


iz,  , i-<5(!-g)/dy(T,!f) 

— 

For  monochromatic  radiation,  the  above  set  of  equations  provides  an  approximate  solution 
of  the  equation  of  transfer.  Here  the  monochromatic  solution  is  utilized  to  modify  the 
transmission  computed  from  atmosphenc  band  models  employed  in  the  present  work  that  are 
used  to  calculate  the  flux  in  a dust-free  atmosphere.  It  is  possible  to  obtain  a solution  for  the 
band-averaged  flux  in  a form  that  can  be  directly  applied  to  atmospheric  band  models  if  the 
single  scattering  albedo,  <5,  is  small,  a condition  that  is  met  in  the  i.r.  region  where  gaseous 
absorption  dominates. 

With  this  assumption,  the  soluuon  of  eqn  (14),  subject  to  boundary  conditions''^'  and  with 
the  use  of  eqn  (20),  yields  the  following  for  the  monochromatic  radiative  flux: 

Ft  • rrB(f)exp(-(t-rrf)idt-^/exp(-(T„*-T.*)]'^0l5), 

Fl*-f  irB(t)  exp  [-(t,«- 0]  dr +0(5).  (21) 


'HL 
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where  the  perturbation  quantity  8 is  related  to  the  scattering  properties  by 

-<3(1  - a)] 


For  pure  absorption,  <3*0,  and  by  the  above,  S « 0.  For  the  case  of  small  <3  and  neglecting 
we  have 

a»^(l-|i{cos®>y  (23) 

Sample  calculations,  applying  to  the  atmospheric  window  where  the  aerosol  effect  is  of 
greatest  importance,  illustrate  that  the  terms  of  0(5)  within  eqn  (21)  are  small.  Moreover,  their 
neglect  yields  an  upper  bound  (or  “worst  case")  with  respect  to  aerosol  influence  upon  the 
radiative  flux,  consistent  with  our  use  of  eqn  (10).  We  thus  neglect  the  0(5)  term  in  eqn  (21)  and, 
since  b^/3  *•  1 (see  following  discussion),  this  effectively  constitutes  t n approximation  for 
strong  forward  scattering,  in  that  5 «0  for  (cos  $)-*  1.  The  effect  of  scattering  is,  however,  still 
retained  through  the  scaling  in  optical  depth  as  given  by  eqn  (16)  which,  in  the  absence  of 
scattering,  reduces  to  T,g  » hr  whereas,  for  small  <3, 

Thus,  while  terms  of  C(5)  within  eqn  (21)  vanish  in  the  limit  of  pure  forward  scattering,  this 
limit  produces  the  maximum  influence  upon  the  scaled  optical  depth  r,ir. 

Replacing  monochromatic  quantities  in  eqn  (21)  by  their  average  values  over  a sniali 
frequency  interval  Av  and  noting  that  exp(-|r,s- 1|)  is  the  monochromatic  transmission,  eqns 
(2)  and  (3)  defining  the  transmissivity  can  be  used  to  convert  eqn  (21)  to  eqn  (1),  which  gives  the 
radiative  flux  in  terms  of  the  transmissivity.  The  substitution  of  an  exponential  kernel  automa- 
tically converts  the  column  transmissivity  to  a slab  transmissivity  with  b the  diffusivity  factor 
(b  * r^).  In  the  previous  section,  a value  of  1.66  for  the  diffusivity  factor  was  adopted  for 
gaseous  absorption.  For  compatibility,  the  same  value  should  be  used  so  that  5 1 .66.  The  ratio 

alb  is  0.5  since  £i(0)  =*  0.5  [Sparrow  and  Cess®*!  so  that  a ■ 0.83.  With  this  choice,  eqn  (16)  may 
then  be  written  as 


1.66- 


f (1-<3)(1-O.9<3(cos9» 
^ (I-0.17<3) 


(25) 


Here  r includes  the  contribution  of  dust  extinction  which  is  tJ,  » with  h the  height  of 
the  dust  column  such  that  r > -t-  Tu-  The  changed  optical  path  has  a physical  interpreution 

in  that  it  takes  into  account  the  forward  (or  backward)  scattering  of  radiation  by  t^-- 
polydispersion.  For  fixed  <3,  a positive  value  of  (cos  9)  (forward  scattering)  reduces  the  effective 
optical  path  relative  to  the  isotropic  scattering  case  whereas  backward  scattering  has  the 
opposit'.  effect. 

When  eqn  (25)  is  used  in  band  models  for  the  gaseous  absorber,  it  is  used  in  the  form 


dtsii)*  1.66 


r(l-«3,)(l-0.9<5,(cos 


(1-0.17  <3, ) 


a. 


(26) 


where  the  suffix  i stands  for  the  ith  spectral  interval.  Svi,  and  <3.  md  (cos  5),  represent 
quantities  averaged  over  Avi. 

The  approach  to  the  problem  of  radiative  transfer  presented  h*re  is  mathematically  similar 
to  the  method  of  Wanc  and  Domoto,'"  hereinafter  referred  to  as  WD.  The  governing  equations 
of  the  diffuse  field  presented  as  eqn  (4)  in  WD  are  equivalent  to  the  exponential  kernel 
approximation  with  a ■ 1 and  5 * V3  Their  equations,  in  a more  generalized  form,  include 
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irradiance  at  the  upper  free  surface  and  a non-black  lower  surface.  Using  the  above  values  of  a 
and  b,  parameters  defined  by  eqns  (16)  and  (17)  become 

t,«»V3t{(I-<5(cos  «))}*'*  (27) 

and 

u-{(l-<5(cos  «))/(! -«)}''’.  (28) 

WD  define  a backscattering  parameter,  as 

2^-1 -(cos  9).  (29) 

With  this  definition  of  the  phase  functions  used  in  the  two  investigations  are  identical.  The 
radiative  flux  is  expanded  in  terms  of  powers  of  which,  for  typical  polydispersions,  is  small, 
around  0.15  for  aerosols  and  hazes  in  the  Earth's  atmosphere.  The  zeroth  order  equations  of 
WD  » 0)  con. '-pond  to  totally  forward  scattering,  or  (cos  9)  = 1.  In  this  limit,  from  eqn  (27), 

t,»*V3t(1-w)  (30) 

and  it  is  this  optical  depth  scaling  that  WD  employed,  inespective  of  the  value  of  (cos  9).  The 
first  and  higher-order  equations  are  corrections  to  the  lead  term  to  take  into  account  backscat- 
tering. These  correction  terms,  although  multiplied  by  powers  of  can  also  be  seen  to  be  of  the 
form  (<S^)"  from  eqns  (16)  and  (17)  rf  WD.  It  should  be  noted  that  WD  have  identified  the 
albedo  as  a,  and  the  backscatter  parameter  as  b.  From  eqn  (23)  above,  for  a » 1 and  b * V3, 
the  correction  terms  in  the  present  work  are  of  0(5)=«0O<3)  and.  therefore,  WD's  expression 
for  flux  is  also  of  the  form 


lead  term  + 0(5)  + . . . 


Scaling  ?,:f  as  in  eqn  (30 1 is  equivalent  to  adding  on  the  absorption  component  of  the 
particulate  only,  and  correction  terms  are  required  so  that  the  flux  may  approach  the  correct 
value.  Wishing  to  use  their  formulation  at  solar  wavelengths  where  d may  not  be  small,  WD 
have  restricted  themselves  to  a single  perturbation  about  (cos  9)>  1.  In  the  present  work,  we 
have  effectively  perturbed  about  (cos  9) « 1 and  <ii  » 0 simultaneously.  For  this  reason,  terms  of 
(X5)  a.e  not  required  in  the  double  limit  (cos  9)-»  1 and  (5->0  as  in  the  shortwave  region. 

A comment  is  in  order  here  on  the  single  scattering  albedo  defined  by  eqn  (10).  Whereas 
dust  extinction  is  linear  with  amount  (for  a fixed  particle  size  distribution),  the  band  absorption 
of  water  vapor  in  most  spectral  regions  varies  a;;  the  square-root  of  the  amount  of  gas  [eqn  (4)]. 
Therefore,  the  appropriate  value  of  d for  each  spectral  range  is  more  suitably  written  as 


(31) 


where  superscript  d refers  to  dust  alone  and  superscript  g refers  to  water  vapor  alone. 
Choosing  the  ground  level  to  evaluate  d,  such  that  r refers  to  the  total  optical  depth,  will  place 
an  upper  bound  on  dust  effects  if  r„  fails  off  more  rapidly  with  altitude  than  rj*.  This  may  be 
verified  for  typical  tropospheric  conditions  where  H -S  km,  H,  ••  2 km  and  Hd  "■ 
t,2km(ELTEiiMAN'“’l  with  H.  Hw  and  Ho  the  atmospheric,  water-vapor  and  dust  scale  heights 
respectively. 


4 RESULTS  aND  DISCUSSION 

Based  on  the  radiative  model  developed  in  the  previous  sections,  sample  computauons  of 
the  flux  and  cooling  rates  have  been  made  for  a tropospheric  dust  model  which  represents 
conditions  found  over  tropical  deserts.  Utilizing  measurements  made  over  the  Rajasthan  Desen 
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of  northwestern  India,  the  particle  size  distribution  adopted  by  Peterson  and  Weinman'^*’  is 


for  0.1  Sr s 15 Min. 
dr 


^•4.1x10^  for  0.03sr  sO.l  Mm, 


(32) 


where  iSIdr  is  the  number  of  panicles  per  cubic  centimeter  per  micron  within  the  radius 
interval  dr.  The  authors  have  calculated  fia,  and  <cos  6)  as  a (unction  of  frequency  for 
spheric'*!  quartz  panicles.  An  exponential  variation  of  dust  concentration  wit)  height  of  the 
form 

N(z)-N(0)exp(-z/H,)  (33) 

has  been  adopted.  Here  N{z)  refers  to  the  total  concentration  in  number  of  panicles  per  unit 
volume  at  any  altitude  z with  H4  the  dust  scale  height. 

As  long  as  the  form  of  the  particle  size  distribution  is  unchanged,  the  dust  extinction 
coefRcient,  0l(z),  is  directly  proponional  to  N(z),  and  $0  a natural  parameter  to  use  in 
presenting  the  results  of  the  computations  is  the  total  optical  depth  at  some  reference 
wavelength.  Although  computations  are  being  made  for  i.r.  wavelengths,  we  can  adopt  as  a 
reference  the  mean  visible  wavelength  0.55  Mm,  as  there  is  a unique  relationship  between 
r(0.55Mm)  and  the  optical  depth  at  any  other  wavelength.  The  optical  depth  at  0.55  Mm  is 
generally  referred  to  as  the  visible  optical  depth,  r,n. 

Computations  made  for  the  upward,  downward  and  net  flux,  using  eqn  (1)  with  trans- 
missivities calculated  from  the  modified  transmission  functions,  are  presented  in  Figs.  2 and  3 
(or  the  lowest  7 km  of  the  troposphere  with  and  without  a dust  layer  of  ■ 2 km.  The  surface 
dust  concentration  is  that  given  by  eqn  (32).  The  i.r.  radiative  cooling  rate,  defined  as 


1 dF(z) 

dt  p(z)C,.  dz 


(34) 
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for  the  dust  free  atmosphere,  is  compared  with  that  for  dusty  atmospheres  with  Hu  » 0.5,  I and 
2 km  in  Fig.  4 and  with  atmospheres  for  which  Hj  *»  2 km  but  varying  surface  dust  concen- 
trations in  Fig.  3. 

The  changes  in  radiative  flux  could  have  been  anticipated.  ,^n  enhanced  greenhouse  effect 
may  be  noted  in  Fig.  3,  the  net  upward  flux  leaving  the  atmosphere  being  reduced  by  3%.  The 
net  upward  flux  at  the  surface,  however,  is  reduced  by  10%  owing  to  the  strongly  enhanced 
downward  emission.  Of  possible  climatic  interest  ,ne  change  in  the  Ck.oling  rate  profile.  Even 
a small  amount  of  dust  increases  the  cooling  rate  near  the  surface  and  tends  to  smooth  out 
regions  of  minimum  cooling  in  the  troposphere.  Dxs.'^  in  a study  of  mean  vertical  motion  and 
non-adiabatic  heat  sources  over  India  durtn;  the  monsoon,  had  concluded  that  an  additional 
source  of  radiative  cooling  was  required  to  account  for  the  theoretically  calculated  subsidence 
over  >TW  India.  Bryson  and  Baerreis**'  suggested  that  the  heavy  dust  layer  over  this  region 
could  account  for  this  discrepancy.  Then  calculations  showed  that  a ^0%  increase  in  the  mean 
cooling  rate  of  the  lower  troposphere  was  possible. 

Our  results  indicate  a substantial  increase  in  the  cooling  rate  near  the  surface,  but  the  mean 
increase  in  the  cooling  rate  throughout  the  lower  troposphere  is  only  10?^.  This  wide  difference 
in  predicted  dust  effects  is  not  a result  of  our  water  vapor  distribution,  corresponding  to  global 
mean  conditions.  Comparison  with  ascent  data  over  NW  India  given  in  Pmasos'’*’  shows  that 
the  precipitable  water  in  the  lowest  400  mb  of  the  theoretical  model  used  here  is  actually  about 
half  that  in  the  same  column  computed  from  the  sounding.  Thus,  if  we  were  to  double  our  water 
vapor  concentration,  the  dust  contribuuon  would  be  even  less.  Moreover,  the  approximations 
employed  in  our  model  tend  at  most  to  overestimate  the  dust  effects.  The  discrepancy  actually 
arises  from  the  modeling  of  water  vapor  absorption,  particularly  in  the  cnucal  region  of  the 
atmospheric  window.  The  inclusion  of  an  adequate  representauon  of  the  water  vapor 
continuum  greatly  reduces  the  effect  of  dust  opacity.  This  may  be  illustrated  by  contidenng 
different  water  vapor  continuum  models.  The  work  of  Das.‘^  Bryson  and  Baerjues'*'  and 
Sarcent  and  Beckman*"'  used  the  representation  given  by  Euasser  and  Cuuertson.'**  which 
underestimates  the  window  absorption  by  an  order  of  magnitude.  Figure  6 illustrates  the  drastic 
effect  on  the  clear  sky  radiative  cooling  rate  of  adopting  different  conunuum  models.  The 
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HATE  Of  TEMPEHATUHE  CHANCE  ('It/dojJ 
Fig.  6.  Infra,  id  coding  rate  for  dilletent  «ater  vapor  continuum  models. 


results  strongly  suggest  that  an  estimate  of  radiative  cooling,  based  on  a more  adequate  watei 
vapor  model,  would  have  accounted  for  almost  all  the  cooling  required  for  the  subsidence 
calculated  over  the  desert  region  by  Das.  Therefore,  it  is  our  belief  that  the  dust  layer  alone 
cannot  alter  the  uiagnitude  of  the  local  subsidence  appreciably.  There  is  a fairly  significant 
change  in  the  cooling  rate,  of  about  25%,  in  localized  regions  of  the  troposphere,  but  whether 
this  has  any  subilizing  effect  that  inhibits  precipiution  processes  is  open  to  question.  The  very 
slight  increase  in  i.r.  cooling  rates  in  the  presence  of  aerosols  is  in  agreement  with  the  work  oi 
Grassl,'^  who  included  aerosol  absorption  within  the  atmospheric  window  region  to  compute 
changes  in  cocling  rate  and  found  little  change  lor  tropical  atmospheres  as  well  as  for  the  U S. 
Standard  Aonosphere. 


5 SUMMARY 

In  this  study,  the  possible  climatic  effects  of  long  residence  time  tropospheric  dust  layers 
has  been  investigaied.  particularly  with  respect  to  changes  in  the  i.r.  radiative  cooling  rate.  To 
accomplish  this,  a radiative  model  was  adopted  for  gaseous  absorption  and  modified  to  include 
extinction  by  a polydispersion.  This  modified  radiative  model  is  in  a form  suitable  for  use  in 
other  atmospheric  studies  such  as  the  effect  of  urban  pollution  on  the  local  radiative  balance,  as 
well  as  numencal  experi.ments  with  general  circulation  models  in  which  computation  speed  is  of 
hi|(h  pnority. 

The  results  of  the  investigation  show  that  there  is  a mean  increase  in  the  radiative  cooling  in 
the  presence  of  heavy  dust  layers  of  the  order  of  10%.  although  locally  the  increase  may  be  as 
high  as  23%  in  particular  regions  of  the  lower  troposphere.  The  significance  of  this  change  in 
altenng  the  dynamics  over  and  areas  and  effecting  precipitation  cannot  be  determined  on  the 
basis  of  work  to  date.  However,  the  important  economic  and  social  iniplications  of  altered 
precipitauon  patterns  over  and  regions  would  make  this  area  of  study  most  worthwhile. 
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ABSTRACT 

A hemispherical  radiometer  has  been  used  to  obtain  spectrally  narrow-band  measurements  o:  the 
downward  hemupheric  diffuse  and  total  iflobal)  dux  densiues  at  \-aryinf  solar  lenith  angles  on  14  days 
over  Tucson.  Data  are  presented  which  illustrate  the  effects  of  temporally  varying  atmospheric  condi- 
tiocs  as  well  as  clear  stable  conditions  on  the  ratio  of  the  diffuK  to  direct  solar  radiation  at  the  earth’s 
surface.  The  ground  albedo  and  the  effective  imaginary  term  of  the  complex  refractive  index  of  atmospheric 
particulates  are  derived  from  the  diffuse-direct  ratio  measurements  on  Kven  dear  stable  days  at  two 
wavelengths  using  the  statistical  procedure  described  by  King  and  Herman  U979V  Results  indicate 
that  the  dowaweUio;  diffuse  radiatioo  field  in  the  mid-visible  region  in  Tucson  can  be  ade<)uately  de- 
scribed bv  Mie  scattering  theorv  if  the  ground  albedo  is  0.279:fc0.l00  and  the  index  of  aburpiion  is 
0.0306dbd.0082. 


1.  Introduction 

A hemispherical  radiometer  designed  by  Huttenhow 
(197 bl  has  been  used  in  order  to  obtain  spectrally 
uaiTow-band  measurements  of  the  downward  hemi- 
spheric diffuse  and  total  iglobal)  ffu.t  densities  at 
Tucson,  Ariiona.  By  combining  the  global  (diffuse 
plus  direct'  flux  density  with  the  diffuse  flu-x  density, 
the  diffuse-direct  ratio  c»n  be  computed-  Data  have 
been  collected  for  14  day’s  between  5 May  and  16  June 
1977  at  four  wavelengths  spaced  throughout  the 
visible  region.  The  diffuse-direct  ratio  at  each  wave- 
length was  measured  during  the  course  of  each  day. 
resulting  m data  for  a range  of  solar  lenith  angles. 
Measurements  have  been  collected  for  not  only  clear 
and  stable  atmospheric  conditions  but  also  for  days 
during  which  the  atmosphere  was  unstable  and  cloudy 

In  Part  I of  this  series  (King  and  Herman,  1979) 
a statistical  method  was  presented  whereby  measure- 
ments of  the  diffuse-direct  ratio  as  a function  of  solar 
zenith  angle  can  be  analyzed  to  assess  the  magnitude 
of  both  the  ground  albedo  and  the  index  of  absorption 
(imaginary  part  of  the  complex  -efraedve  index'  of 
itmosphenc  particulates.  In  this  p'per  a description 
is  given  of  the  hemispherical  radiometer  used  to  make 
the  measurements.  Data  are  then  presented  of  the 
diffuse-i'lirert  ratio  as  a function  of  solar  zenith  angle 


■ Th«  research  reported  in  this  article  was  supported  by  the 
Vacional  Science  Foundation  under  Grant  .\TSf'$-l333i-A01 
and  the  Office  of  .Vaval  ReMarch  under  Grant  NPOOia-'fi-C-OJTO. 

' Present  affiliation  Laboratory  for  .Aunoephenc  Sciences. 
Goddard  Space  Flight  Center.  V.AS.A.  Greenbcit.  MD  20771, 


and  wavelength  in  order  to  illustrate  some  of  the 
measurement  'ensitivities  observed.  Finally,  data  for 
day’s  during  which  the  atmosphere  was  clear  and 
stable  are  analyzed  and  the  optimum  values  of  the 
ground  albedo  and  the  index  of  absorption  of  atmo- 
spheric particulates  are  presented. 

2.  Description  of  hemispherical  radiorneter 

The  basic  requirement  of  the  radiometer  is  to 
provide  accurate  narrow-band  measurements  of  the 
hemispheric  flux  densities,  both  diffuse  and  global, 
received  at  the  earth’s  surface.  Fig.  1 is  a schematic 
illustration  of  the  hemispherical  radiometer  used  in 
the  present  investigation.  \ plastic  diffuser  material 
has  been  selected  for  the  first  optical  element  since 
it  is  capable  of  producing  a diffuse  radiation  field 
below  the  element  independent  of  viewing  direction. 
-■Kfter  passing  through  the  diffuser  element,  the  radiant 
energy  within  certain  selected  wavelength  intervals  is 
isolated  by  transmission  through  narrow-band  inter- 
ference filters.  The  distance  between  the  diffuser 
element  and  Lruerference  filter  is  dictated  by  the 
maximim  permissible  angle  of  incidence  of  radiation 
on  the  filter  {''7®'.  .-After  passing  through  the  filter, 
the  radiant  energy  is  detected  by  a photodiode  which 
produces  an  output  currerit  proportional  to 

I 1{t„ —8,  ^)f{8)  iinBdSd^,  (D 

• 

where  I (r,.  —8,  is  the  intensity  of  light  propagating 
in  the  downward  direction  at  die  level  r„  a function 
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of  zenith  angle  9 and  azimuth  angle  r,  is  the  total 
optical  depth  of  the  atmosphere;  and  f{9)  is  the 
optiral  response  function  of  the  sensor.  In  order  for 
F;^(t,)  to  agree  well  with  the  downward  hemispheric 
diffuse  flux  density  F~(r,),  it  is  necessary  for  f(9)  to 
equal  costf. 

Since  there  is  a dielectric  boundary  between  the 
atmos{^ere  and  the  diffuser,  some  redection  occurs 
at  the  surface  due  to  a discontinuity  in  the  refractive 
index  across  the  boundary.  This  dielectric  disconti- 
nuity results  in  Fresnel  reflection  at  the  surface  of 
the  diffuser  element  which  varies  -vith  polar  angle  9. 
Any  physical  diffuser  element  will  have  an  optical 
response  function  other  than  cos9  as  a direct  result 
of  reflection  at  the  surface.  It  is  therefore  necessary 
''  design  a corrector  plate  to  surround  the  diffuser 
elt.  mt  such  that  the  combination  of  diffuser  plus 
corrector  will  cause  f{9)  to  be  nearly  equal  to  cosB 
Since  reflection  can  be  thought  of  as  reducing  the 
effective  area  of  the  sensor  ri*™ent,  it  is  necessarj- 
for  the  effective  area  of  the  sensor  normal  to  the 
given  beam  of  radiation  tj  vary  as  a function  of  9 
in  such  a way  as  to  compensate  for  Fresnel  reflection 
losses. 

Huttenhow  (1976)  investigated  several  designs  for 
the  geometricad  shape  of  the  diffuser  element  and 
corrector  plate.  He  concluded  that  measurement  errors 
less  than  2%  could  be  attained  by  using  a cylindrical 
diffuser  element  surrounded  by  a stepped  corrector 
plate  with  only  two  steps,  as  illustrated  in  Fig.  1. 
It  is  possible  to  empirically  determine  the  radial 
positions  and  heights  where  baffles  can  be  placed  in 
order  to  obtain  cos9  compensation  for  a range  of 
polar  angles.  The  more  steps  there  are  in  the  e.xternal 
corrector  plate  the  more  polar  angles  there  are  where 
f{9)~cos6. 

The  housing  for  the  hemispherical  radiometer  was 
constructed  out  of  brass  with  the  interior  painted 
with  a flat  black  paint  m reduce  the  effects  of  reflected 
light  from  the  sides  of  the  housing.  The  radiometer 
contained  a drawer  port  for  interchanging  the  inter- 
ference filters.  The  amplifier  assembly  was  contained 
within  the  housing  of  the  radiometer  with  the  output 
fed  into  an  external  digital  voltmeter  to  be  recorded. 
The  radiometer  was  mounted  on  a tripod  for  mobility 
and  easy  leveling.  The  tripod  assembly  contained  a 
semi-circular  metal  slide  ring  on  which  was  mounted 
a small  brass  ball  whose  location  was  adjustable  along 
the  ring.  This  ball  and  slide  ring  were  used  for  oc- 
culting the  direct  sun  while  still  allowing  the  maxi- 
mum amount  of  diffusely  scattered  light  from  the 
solar  aureole  to  be  measured.  Due  to  this  requirement, 
an  occulting  ball  was  selected  of  sumcient  diameter 
to  block  only  the  direct  sun.  With  the  ring  lowered 
below  the  level  of  the  table,  global  (diffuse  plus  direct) 
flux  density  measurements  were  obtained.  Since  a 
relative  measurement  between  the  diffuse  and  direct 


‘^^//^////^  'nt»r»tr»rct  F'lltr 


Fic.  1.  Schematic  illustration  oi  the  hemispherical  radiometer. 

flux  densities  was  of  interest,  it  was  not  necessary  to 
calibrate  the  instrument  in  an  absolute  sense. 

It  is  exceedingly  critical  that  the  top  surface  of  the 
diffuser  element  be  at  the  same  level  as  the  top  level 
of  the  corrector  assembly  in  order  tc  assure  that  /(d' 
approaches  zero  when  .\ny  height  difference 

in  excess  of  about  0 025  mm  can  produce  substantial 
errors  in  the  response  function  for  large  polar  angles. 

3.  Measurement  sensitivity  of  the  diffuse  radiation 
field 

In  order  to  obtain  estimates  of  the  index  of  ab- 
sorption of  atmospheric  particulates  and  the  reflec- 
tivity of  the  earth’s  surface,  measurements  have  been 
collected  of  the  diffuse  and  global  flux  densities  using 
the  hemispherical  radiometer  described  in  the  pre- 
ceding section.  These  measurements  have  been  made 
from  the  roof  of  the  Civil  Engineering  Building  (alti- 
tude 762  m MSL)  on  The  University  of  .Arizona 
campus  i32®U'N,  110“57'\V)  because  of  the  relatively 
clear  and  unobstructed  view  it  affords  of  the  entire 
upward  hemisphere.  Simultaneous  to  the  collection 
if  the  dux  density  measurements,  the  directly  trans- 
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mitted  solar  radiation  was  measured  during  the  course 
of  the  day  with  a multi-wavelength  solar  radiometer 
described  by  Shaw  tt  ai.  (1973).  The  diffuse-direct 
ratio  ♦,  as  defined  by  Herman  tt  al.  (1975)  and  King 
and  Herman  (1979),  is  obtained  from  the  diffuse 
Fi^(r,)  and  global  Gm0m(r,)  flu.s  density  measure- 
ments once  the  solar  zenith  angle  do  is  computed. 

Under  the  assumption  that  /(tfo)*Mo,  where  mo  is 
the  cosine  of  the  solar  zenith  angle  do,  it  follows  that 
the  diffuse-direct  ratio  is  given  by 


« 


F^(t.) 


(2) 


Due  to  the  deviation  of  the  instrumental  response 
function  from  costf,  however,  it  can  be  shown  that 


♦ — ♦ M«  Fi«t(T,) 

1,  (3) 

* f{do) 

where  ♦ and  F~(t,)  are  the  measurements  which  would 
be  obtained  if  f(d)  “ cosd. 

Measurements  of  the  angular  response  function  /($) 
have  been  obtained  in  the  laboralorv'  and  used  to 
simulate  errors  in  the  diffuse-direct  ratio  for  a number 
of  intensity  distributions  representative  of  s«  different 
atmospheric  models  and  hve  solar  zenith  angles. 
Results  of  this  investigation  indicate  that  the  <t>  mea- 
surements are  systematically  higher  than  theotv-  when 
do!$~0^  ana  svstematically  lower  than  theory  when 
^0^*0*  for  all  models.  The  ma.dmum  systematic  errors 
occur  when  do‘^55'’,  the  angle  where  the 
largest  error  in  the  instrumental  response  function 
occurs.  Over  the  range  of  solar  zenith  angles  35®$«<i 
$75*,  A*/^*0.7%  for  a Mie  (particulate^  optical 


depth  Tjf  (0.5550  Mm)«0.05.  The  magnitude  of  this 
sj'stematic  error  varies  somewhat  with  the  atmo- 
spheric model  and  decreases  slightly  as  the  Mie  optical 
depth  increases. 

Fig.  2 illustrates  a t\'pical  data  set  of  ‘i'  vs  do  which 
has  bee.n  obtained  for  Tucson  at  four  wavelengths 
(0.4-HX).  0.5217,  0.6708  and  0.8717  Mm)  on  16  June 
1977.  For  all  the  filters  reported  here  the  full  bandwidth 
at  half-peak  transmittance  was  less  than  or  equal  to 
0.012  Mm.  From  the  directly  transmitted  solar  radia- 
tion measurements  the  Mie  optical  depths  tm{\)  were 
obtained  by  the  method  described  by  King  and  Bvrne 
(1976).  This  day  was  cloud-free  and  stable  with  Mie 
optical  depths  ranging  between  0.0500  (\»0.4-M)0  Mm) 
and  0.0356  (.\  = 0.87 17  Mm).  Because  the  wavelength 
dependence  of  tv(X^  was  relatively  small,  a log- 
normal typ>e  of  aerosol  size  distribution  was  obtained 
dsee  King  et  al.  (1978)  for  details].  E.vamination  of 
Fig.  2 suggests  that  decreases  slightly  with  So  until 
a certain  zenith  angle  is  reached  after  which  point  4> 
starts  to  increase.  The  increase  of  ^ at  larger  solar 
zenith  angles  is  the  most  evident  for  the  shortest 
wavelength,  becoming  less  evident  the  longer  the 
wavelength.  The  solar  zenith  angle  dependence  of  the 
diffuse-direct  ratio  is  in  essential  agreement  with  the 
theoretical  computations  presented  by  King  and 
Kerman  (1979,  Fig.  3),  a case  for  which  \«O.S55()  Mm 
and  rv»0.0500. 

On  occasions  when  the  occulting  ball  is  incorrectly 
positioned,  a diffuse  flu.x  density  in  e.xcess  of  the 
proper  amount  is  recorded.  .As  a consequence  of  this 
error,  the  measured  value  of  the  diffuse-direct  raf 
is  systematically  higher  than  it  should  be  [see  Eq  ■ 2 
.Although  it  is  not  always  possible  to  identifc-  s 
sv'stematic  errors  with  absolute  certainty,  the  more 
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obvious  ones  are  evident  when  repeated  measurements 
are  made  over  a small  range  of  solar  zenith  angles. 
Fig.  2 suggests  that  a few  such  errors  did  occur, 
mostly  notably  at  X-0.4400  ^m  and  In  these 

situations  the  appropriate  inde.x  of  absorption  k and 
ground  albedo  .4  should  be  determined  by  analyzing 
only  the  more  accurate  data  points.  .After  elimination 
of  the  data  for  the  times  having  occulting  errors,  the 
majority  of  the  measurements  .vield  characteristics 
similar  to  the  theoretical  computations  illustrated  in 
Part  I (Fig.  3). 

It  sometimes  happens  that  the  total  optical  depth 
of  the  atmosphere  varies  with  time  during  the  course 
of  a single  day.  .As  pointed  out  by  King  and  Herman 
(1979),  a fluctuation  in  r.u  is  sufficient  to  alter  the 
magnitude  of  the  diffuse-direct  ratio.  A particularly 
dramatic  illustration  of  the  effect  of  temporal  and 
spatial  fluctuations  in  the  atmosphere  can  be  seen 
from  the  diffuse-direct  latio  data  for  16  May  1977 
(see  Fig.  3).  On  this  day  measurements  were  collected 
at  four  wavelengths  during  both  the  morning  and 
the  afternoon.  .As  the  solar  zenith  angle  decreased 
throughout  the  morning  from  an  initial  value  of  54®, 
the  diffuse-direct'ratio  decreased.  Had  the  atmosphere 
been  horizontally  homogeneous  with  a fi.red  Mie 
optical  depth  and  aerosol  size  distribution  throughout 
the  day,  the  diffuse-direct  ratio  would  have  been  a 
function  only  of  ,\  and  8q.  Instead,  the  afternoon 
measurements  did  not  repeat  those  of  the  morning 
but  were  noticeably  lower  in  magnitude  for  a fi.ted 
solar  zenith  angle  and  wavelength.  .Although  this  day 
was  cloud-free,  it  was  visibly  very  turbid.  Noticeable 
screaks  were  visible  in  the  sky  during  the  morning 
which  appeared  very  similar  to  the  stratospheric  dust 

asor-  « MA-  irr 
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striations  which  occurred ' following  the  eruption  of 
Volcin  de  Fuego  in  October  1974.  By  the  afternoon 
all  visible  dust  striations  were  gone  bm.  .!  e late 
afternoon  sky  in  the  vicinity  of  the  sim  was  very 
white  suggesting  a still  quite  appreciable  dust  content 
in  the  atmosphere.  Data  collected  with  a multi- 
wavelength solar  radiometer  on  16  May  1977  show 
very  clearly  that  the  total  (and  hence  Mie)  optical 
depth  of  the  atmosphere  was  steadily  decreasing 
throughout  the  day. 

Garrison  et  al.  (1978)  report  observations  of  the 
diffuse-direct  ratio  in  the  near  ultraviolet  for  a similar 
situation  in  which  the  diffuse-direct  ratio  differed 
appreciabl)-  between  morning  and  afternoon.  They 
similarh'  attribute  these  fluctuations  to  variations  in 
the  optical  depth  of  the  atmosphere. 

Since  the  Mie  optical  depth  is  a very  important 
atmospheric  parameter  determining  the  magnitude  of 
the  diffuse-direct  ratio,  it  is  of  interest  to  compare 
the  magnitude  of  4’  for  various  days  having  different 
Mie  optical  depths.  In  older  to  compare  measurements 
of  the  diffuse-direct  ratio  for  several  different  da.vs, 
estimates  of  <1>  were  obtained  for  X — 0.5217  ^m  and 
9o“55®  by  assuming  that  4>  can  be  appro.\imated  by 
a linear  function  of  8a  for  data  collected  at  zenith 
angles  near  55®.  The  results,  including  statistical  error 
bar  estimates  for  both  <t>  and  r^,  are  presented  in 
Fig.  4 for  seven  days  between  6 May  and  16  June  1977. 
.As  the  Mie  optical  depth  increases,  the  diffuse-direct 
ratio  generally  increases  as  e.xpected  from  the  com- 
putations illustrated  by  King  and  Herman  (1979, 
Fig.  4)  for  X»  0.5550  Mm.  The  magnitude  of  ♦ does 
not  increase  monotonically  as  rv  increases,  however, 
simply  due  to  daily  differences  in  the  aerosol  size 
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Fio.  3.  Diffuse^lirect  r»uo  measurements  tor  16  May  1977  remonstrating  the 
ejects  at  temporal  ductuations  in  the  atmosphere. 
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FlO.  4.  The  diffuse-direct  r»tio  for  seven  days  of  verying  Mie 
optical  depths  for  X >>0.5217  vin  and  for 


distribution.  The  rate  of  increase  of  ♦ as  a function 
of  Tv  is  less  than  any  of  the  cases  illustrated  by  King 
and  Herman  (1979).  Although  the  wavelengths  are 
slightly  different,  it  will  be  seen  in  the  ne.et  section 
that  the  primary  reason  for  the  smaller  change  of  ♦ 
with  increasing  rv  for  the  data  presented  here  is  due 
to  an  inde.x  of  absorption  c larger  than  0.01. 

Illustrations  similar  to  Fig.  4 have  been  constructed 
for  J»«55®  at  each  of  the  other  three  wavelengths 
(0.4400,  0.6708  and  0.8717  ^m).  Dau  for  the  two 
longer  wavelengths  are  qualitatively  in  agreement 
with  the  results  presented  in  Fig.  4 with  ♦ tending 
to  increase  with  increasing  rv  The  results  for 
\>»0.-W00  )im  tend  to  be  less  predictable  due  to  the 
increased  ttatistical  and  systematic  errors  charac- 
teristic of  this  wavelength. 

Fig.  5 illustrates  ♦ as  a function  of  .\  for  four  davs 
between  9 May  and  16  June  1977  at  a &.xed  solar 
zenith  angle  of  55°,  The  values  of  the  diffuse-direct 
ratio  presented  here  were  obtained  in  the  same  manner 
as  those  of  Fig.  4.  by  making  a Linear  least-squares 
ht  to  4 as  a function  of  So  for  data  coUected  around 
So*  55*.  .\il  days  for  which  data  have  been  collected, 
including  the  ones  presented  here,  have  diffuse-direct 


ratios  which  monotonically  decrease  with  wavelength 
and  e.xhibit  slight  positive  curvature. 

In  assessing  the  agreement  between  the  measured 
wavelength  sensitivity  and  tneoretical  expectations, 
it  becomes  necessary  to  perform  radiative  transfer 
calculations  for  the  specific  aerosol  size  distribution 
and  optical  depth  applicable  to  a particular  day  and 
wavelength.  Since  computations  are  required  only  of 
the  transmitted  hemispheric  flu.x  density  at  the  earth’s 
surface  and  not  the  intensity  field  in  any  particular 
direction,  considerable  computational  time  can  be 
saved  by  e.xpressing  the  elements  of  the  intensity 
vector  and  phase  matri.x  in  Fourier  scries  in  (♦'— 0), 
the  difference  between  the  azimuth  angles  of  the 
meridian  planes  containing  the  directions  of  incidence 
and  scattering.  This  procedure  has  been  adopted  by 
Dave  (1970)  and  by  Herman  and  Browning  (1975) 
using  Gauss-Seidel  iteration.  Though  the  Fourier 
analysis  procedure  can  readily  be  used  to  calculate 
the  complete  intensity  field,  one  of  its  main  advantages 
when  particulates  are  present  in  the  atmosphere  i;  in 
computing  the  hemispheric  flu.x  densities  since  only 
the  corstant,  azimuth-independent  terms  are  required 
(Herman  and  Browning,  1975j.  Theoretical  computa- 
tions of  the  diffuse-direct  ratio  have  been  performed 
for  three  wavelengths  (0.5217,  0.6708  and  0 8717  >.m) 
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Fig.  5.  The  diffuie-diiect  ratio  u a function  of  wavelength  for 
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on  five  days  for  which  the  Mie  optical  depths  and 
aerosol  size  distributions  are  known.  The  theoretical 
results  (assuming  ic  and  .4  to  be  wavelength  inde- 
pendent) are  in  close  agreement  with  those  of  Fig.  S 
in  having  ♦ decrease  monotonically  in  \ with  slight 
positive  cun’ature.  Since  both  the  theoretical  and 
experimental  sensitivities  of  as  a function  of  X are 
in  close  agreement,  having  no  anomalously  high  or  low 
values  at  wavelengths  in  the  ozone  Chappuis  absorp- 
tion band  (0.5217  and  0.6708  Min),  it  appears  that 
the  sensitivity  of  the  diffuse-direct  ratio  to  total  ozone 
content  is  quite  small  as  suggested  by  Herman  et  ai. 
(1975)  and  King  and  Herman  (1979). 

4.  Experimental  results 

The  statistical  method  for  im'erring  the  ground 
albedo  and  the  index  of  absorption  of  atmospheric 
particulates  described  by  King  and  Herman  (l979) 
has  been  applied  to  diffuse-direct  ratio  data  collected 
on  seven  days  during  May  and  June  1977.  After 
determining  the  spectral  Mie  optical  depth  values  and 
columnar  aerosol  size  distribution  for  a particular  day, 
radiative  transfer  computations  were  performed  for 
the  two  wavelengths  0.5217  and  0.6708  Mm.  The 
methods  which  have  been  adopted  for  estimating  the 
Mie  optical  depth  and  aerosol  size  distribution  are 
described  by  King  and  Byrne  (1976)  and  King  et  al. 
(1973),  while  the  method  used  to  compute  the  hemi- 
spheric ffu.x  density  and  diffuse-direct  ratio  is  described 
by  Herman  and  Browning  (1975).  The  real  part  of 
the  complex  refractive  index  of  atmospheric  particu- 
lates is  assumed  to  be  1.45  both  for  the  determination 
of  the  aerosol  size  distribution  and  for  the  application 
of  the  diffuse-direct  radiation  method.  Fortunately, 
neither  of  these  techniques  is  verx'  sensitive  to  the 
real  part  of  the  particle  refractive  index  (King  et  al., 
1978;  King  and  Herman,  1979). 


The  values  of  the  Mie  optical  depth,  index  of  ab- 
sorption, ground  albedo  and  mean  diffuse-direct  ratio 
for  10  data  cases  are  presented  in  Table  1.  In  view 
of  the  amount  of  scatter  in  the  values  of  the  ground 
albedo  .4,  it  does  not  seem  justified  to  separate  the 
data  taken  at  two  different  wavelengths  (0.5217  and 
0.6708  Mm)  and  seek  a wavelength  dependence.  The 
standard  deviations  in  the  individual  values  of  r.v,  k 
and  .4  shown  in  Table  1 have  been  derived  by  stan- 
dard error  propagation  methods  for  each  data  set 
and  thus  reflect  the  combined  effect  which  each  indi- 
vidual data  point  has  on  the  determination  of  the 
regression  coefficients  rv,  * and  .4  [see  King  and 
Byrne  (1976)  and  King  and  Herman  (1979)  for  details]. 
The  magnitude  of  the  ground  albedo  presented  here 
shows  a relatively  large  day-to-day  variability  which 
is  due,  in  part,  to  uncertainties  in  the  aerosol  size 
distribution  and  Mie  optical  depth.  The  analysis 
procedure  which  we  have  used  has  not  attempted  to 
incorporate  information  on  the  uncertainties  of  either 
the  Mie  optical  depth  or  aerosol  size  distribution. 
The  mean  values  of  the' imaginary  index  of  Jefraction 
and  ground  albedo,  weighted  by  the  reciprocal  of  the 
variances,  are  found  to  be  0.0306  and  0.279,  respec- 
tively, with  corresponding  standard  deviations  of 
0.0082  and  0.100  (see  Table  1).  Considering  the  mag- 
nitude of  the  ground  albedos  and  Mie  optical  depths 
obtained  for  these  days,  this  amount  of  absorption 
on  the  part  of  the  atmospheric  particulates  implies 
an  absorption  by  the  atmosphere  on  the  order  of  3*^ 
or  less  of  the  radiation  incident  at  small  solar  zenith 
angles,  increasing  to  5%  at  zenith  angles  of  65°  on 
10  May  1977. 

By  compjaring  the  data  of  Fig  4 with  the  theo- 
retical computations  presented  in  Part  I of  this  series 
(Fig.  4,  applicable  to  X-- 0.5550  Mm)  it  is  apparent 
that  the  tendency  for  very  little  increase  of  the  diffuse- 
direct  ratio  measurements  with  Mie  optical  depth  is 


T.aBLE  !.  Summary  of  the  Mie  optical  depth,  mdet  of  absorption,  ground  albedo  and  mean 
diffuse-direct  ratio  obtained  for  seven  days  during  1977. 


Date 

Wavelength 

(mih) 

Mie  optical 
depth 

Indec  of 
absorotion 

Ground  albedo 

Mean 

diffuse -direct 
ratio 

6 .May 

0 5217 

0.0367  ±0  0014 

0 0330*0.0048 

0.325*0.004 

0 1078 

6 May 

0.5708 

0.0341*0,0014 

0 0074*0.0051 

0.469  *0  064 

0.0645 

7 May 

0 6708 

0.0629*0  0010 

0 0336*0  0033 

0.289*0  013 

00671 

9 May 

0.5217 

0.0189*0.0012 

0 0334*0,0090 

0.394*0  007 

0t)990 

10  Mav 

0 5217 

0 0543*0.0014 

0.0333*0  0031 

0 123*0  006 

0 1049 

10  .May 

0.6708 

0.0589*0  0012 

0 0340*0.0074 

0.175*0  011 

0 0643 

14  June 

0.5217 

0.0025  *0.0010 

0 0334-*0  0091 

0 370*0  012 

0 0839 

15  June 

0 5217 

0.0304*0  0019 

0 0334*0.0048 

0 236*0  015 

0 1005 

16  June 

0 5217 

0 0501*0  0016 

0 0367*0  0037 

0 199  *0011 

0 1164 

15  June 

0 6708 

0.0445  *0  0013 

0.0233*0  0036 

0.548*0  025 

0.0695 

Weighted  mean 

0.0306 

0 279 

St&nci%r;i  HeviaCion 

0.0082 

0.100 

Note'  'The  obaerved  Mie  opacai  depths  and  estimated  aerosol  sue  distributions  for  6 May  a^d  13  June  1977  are  illustrated  in  Ring 
et  lit.  tl97S). 
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FiC.  6.  Observed  and  uomputed  diffuse-direct  ratio  versus  solar  zenith  angle 
for  six  days  at  X-0.5217  itm.  The  ordinate  scale  to  which  each  curve  refers  is 
repeated  alternately  on  the  left  and  then  the  right  side  of  the  Agure  in  order  to 
separate  the  individual  data  cases. 


consistent  with  a relatively  large  value  of  0.0306  for 
the  index  of  absorption.  In  addition,  the  theoretical 
computations  for  6 May  and  15  June  require  the 
diffuse-direct  ratio  to  be  less  on  6 May  for  fixed  values 
of  X and  ,4  simply  due  to  differences  in  the  aerosol 
size  distributions.  The  reduced  magnitude  of  10  May 
over  16  June  is  similarly  due  to  a difference  in  aerosol 
size  distributions  and  is  to  be  e.xpected  theoretically 
(see  Fig.  4). 

On  any  given  day  and  wavelength  it  is  not  always 
possible  to  determine  values  for  a and  .4  due  to  un- 
certainties in  either  the  diffuae-direct  ratio,  the  Mie 
optical  depth  or  the  aerosol  size  distribution.  Tem- 
poral and  spatial  fluctuations  in  the  atmosphere  can 
also  make  it  not  feasible  to  analyze  a par'icular  day 
or  wavelength,  as  is  apparent  upon  e.xamination  of 
Fig.  3,  since  it  is  necessary  to  measure  ♦ over  a range 
of  sour  zenith  angles  while  the  atmosphere  remains 
constant.  .Although  7 May  appeared  very  cle?r  at  the 
time  of  the  observations,  subsequent  e.xamination  of 


the  solar  radiometer  data  indicated  u.n  appreciable 
time  variation  of  optical  depth  in  the  late  morning 
and  afternoon.  The  hemispherical  radiometer  data 
were  fortunately  collected  in  the  early  morning  on 
this  day  but  some  time  variations  in  optical  depth 
were  nevertheless  detectable  at  0 5217  ^m  (but  not 
so  severely  at  0.6708  um).  The  anaUsis  for  7 May  1977 
at  \-0.5217  .^yx-s  not  been  includ'd  in  Table  1 for 
this  reason.  It  i.«.  desirable,  particularly  at  the  longer 
wavelengths,  to  have  data  for  days  exhibiting  a rela- 
tively large  Mie  optical  depth  since  the  larger  the 
optical  depth  the  greater  the  sensitivity  to  .4  and  a 
(King  and  Herman,  1979'.  The  davs  presented  in 
Table  1 at  ,\»  0.6703  am  were  tne  four  days  which 
had  the  largest  Mie  optical  depths  at  this  wavelength. 

Due  to  the  normally  small  Mie  and  Rayleigh  optical 
depths  at  wavelengths  in  the  near-infrared,  sensitivi- 
ties to  < and  .4  are  so  greatly  reduced  that  the  diffuse- 
direct  technique  is  normally  not  a vnahle  remote 
sensing  method  for  denving  these  parameters.  pre- 
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liminary  analysis  of  some  of  the  data  sets  at  0.8717  nm 
indicates  that  the  measurements  may  have  been  sys- 
tematically higher  than  theory  at  this  wavelength 
(but  the  general  lack  of  sensitivity  to  <e  and  .4  for 
the  Mie  optical  depths  measured  at  0.8717  make 
it  dif&cult  to  say  whether  these  errors  are  significant). 
The  near-ultraviolet  wavelength  region,  on  the  other 
hand,  does  seem  attractive  for  applying  the  diffuse- 
direct  technique  since  the  Mie  optical  depths  are 
normally  larger  at  these  wavelengths.  No  attempt  has 
been  made  in  the  present  investigation  to  analyze  the 
measurements  at  0.4400  *im  since  the  relatively  small 
measurement  signal  contributed  to  larger  statistical 
and  systematic  errors  fsee  Figs.  2 and  3)  and  because 
the  Mie  optical  depths  were  particularly  small  during 
this  period  at  0 4400  Mm.  Since  there  is  negligible 
ozone  absorption  at  ,\*>  0.4400  Mm,  it  would  be  a good 
wavelength  to  investigate  further  in  the  future  if 
measurements  can  be  made  with  a sufficient  degree 
of  accuracy. 

Figs.  6 and  7 present  the  diffuse-direct  ratio  data 
and  results  of  the  fitting  procedure  for  all  10  cases 
of  Table  1.  The  solid  curves  represent  the  regression 
fit  to  the  data  points  using  the  optimum  values  of 
the  coefficients  k and  .4.  Most  hemispherical  radiome- 
ter measurements  were  made  only  in  the  afternoon 
but  the  data  for  7 May  (Fig.  ')  were  collected  in  the 
morning  while  the  data  for  6 and  9 May  include  both 
morning  and  afternoon  observations  The  atmosphere 
on  14  June  was  incredibly  clean  with  Mie  optical 
depths  of  about  0.01  at  most  wavelengths.  .Although 
it  was  clear  throughout  the  day,  large  systematic 
ocoilting  errors  occurred  at  small  solar  zenith  angles 
thus  limiting  the  range  of  useful  solar  zenith  angles 
on  14  June  to  53.56°.  By  comparing  Figs.  6 and  7 
it  is  clear  that  theory  requires  'f>  to  increase  slightly 
toward  large  solar  zenith  angles  at  .\  = 0.5217  um, 
while  not  at  all  at  .\  = 0.6708  Mm.  Had  the  optical  depths 
been  much  larger  on  these  days,  as  on  the  morning 


of  16  May  (see  Fig,  3),  the  diffuse  direct  ratio  would 
have  increased  monotonically  in  zenith  angle  for  all 
wavelengths.  The  sample  standard  deviation  of  the 
data  points  about  the  regression  fit  is  tv'pir.ally  0.0028 
at  X-0.5217  Mm  and  0.0016  at  \-0.6708  Mm,  repre- 
senting random  fluctuations  on  the  order  of  2.5%  at 
both  wavelengths.  These  errors  are  larger  than  those 
attributed  solely  to  measurement  error  (~0.7%  as 
discussed  in  Section  3)  and  thus  reflect  the  combined 
effect  of  measurement  errors,  atmospheric  fluctuations 
and  the  accuracy  of  the  determination  of  tlie  Mie 
optical  depth  and  aerosol  size  distribution. 

The  best  months  in  Tucson  for  obtaining  clear  skies 
and  stable  atmospheric  conditions  for  a long  enough 
period  of  time  to  obtain  good  optical  depth  data  are 
May,  June,  October  and  November.  Due  to  the  small 
solar  declination  angles  in  the  fall,  however,  a re- 
stricted range  of  solar  zenith  angles  hi  available 
(^0^40°)  thus  making  May  and  June  the  best  time  to 
collect  diffuse-direct  ratio  data  in  Tucson.  In  addition 
to  the  large  range  of  solar  zenith  angles  which  are 
available  in  the  spring,  there  is  normally  a secondary 
peak  value  of  Mie  optical  depth  at  this  time  of  year 
(with  the  absolute  peak  usually  occurring  in  July 
or  August).  Unfortunately,  the  optical  depths  during 
May  amd  June  of  1977  were  smaller  than  seasonally 
e.^pected  from  previous  years  and  thus  the  sensitivity 
of  the  diffuse-direct  ratio  measurements  to  A and  k 
was  not  as  large  as  anticipated. 

Although  the  measurements  reported  in  this  inves- 
tigation were  obtained  near  the  center  of  the  city 
of  Tucson,  the  mean  value  of  the  ground  albedo  is 
in  close  agreement  with  the  results  obtained  elsewhere 
in  the  southwest.  Since  the  surface  albedo  determined 
by  the  diffuse-direct  radiation  method  represents  an 
area  averaged  albedo  consistent  with  the  transfer  of 
radiation  in  the  earth's  atmosphere,  the  most  repre- 
sentative values  to  be  compared  with  it  are  other 
area-averaged  radiation  measurements  such  as  those 
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obtain'^  by  low  flying  aircraft  with  upward  and 
downward  pointing  radiometer  systems.  Kung  et  al. 
(1964)  and  Griggs  (1968)  obtained  values  ranging 
between  0.22  and  0.25  for  the  surface  albedo  in  southern 
Arizona  using  measurement  systems  having  a ver>' 
wide  wavelength  response.  DeLuisi  et  al.  (1976)  found 
values  ranging  between  0.20  and  0.35  for  Quartzite, 
Arizona,  where  crude  wavelength  resolution  was  ob- 
tained by  atuching  Schott  glass  cutoff  filters  to  their 
aircraft  mounted  Eppley  pyranometers. 

An  alternative  type  of  surface  albedo  determination 
in  the  southwestern  United  States  has  been  obtained 
by  Otterman  and  Fraser  (1976)  by  e.xamining  the 
earth-atmosphere  system  reflectivities  obtained  from 
the  Landsat  satellite.  By  modeling  the  scattering 
properties  of  the  atmospheric  particulates  they  in- 
ferred values  for  the  surface  albedo  of  0.264  in  the 
wavelength  range  of  0.5  to  0.6  Mm  with  little  sensi- 
tivity to  the  particulate  model.  The  mean  value  of 
0.279  found  in  this  investigation  is  in  close  agreement 
with  that  of  these  investigations.  The  variability  of 
the  values  of  ground  albedo  presented  in  Table  1 is, 
however,  quite  large.  In  order  to  better  establish  the 
ground  albedo  and  its  daily  and  spectral  variability, 
it  is  necessary  to  collect  more  observations  on  days 
for  which  the  Mie  optical  depths  are  large  since  the 
sensitivity  of  the  diffuse-direct  ratio  to  ground  albedo 
increases  in  direct  proportion  to  r>f.  .As  pointed  out 
earlier,  the  Mie  optical  depths  during  May  and  June 
1977  were  smaller  than  normally  e.xpected  for  that 
time  of  year. 

Since  there  are  very  few  assessments  of  the  imaginary 
index  of  refraction  of  naturally  suspended  atmospheric 
aerosol  particles  which  have  been  obtained  by  e.x- 
amining the  scattered  radiation  field,  the  number  of 
studies  which  can  be  compared  on  an  equivalent 
basis  with  the  present  one  are  few.  DeLuisi  et  al. 
(1976)  e.xamined  the  percent  absorption  by  the  atmo- 
sphere between  two  Afferent  heights  using  as  inputs 
previously  determined  values  of  the  Mie  optical  depth 
and  surface  reflectivity.  They  reported  values  of  * on 
the  order  of  0.013  for  Quaruite,  .Arizona,  but  with 
error  bar  estimates  e.xtending  to  0.028.  Kuriyan  et  al. 
(1979)  examined  the  intensity  and  degree  of  polar- 
ization of  the  sunlit  sky  as  a function  of  azimuth 
angle  in  the  Los  .Angeles  area.  They  found  that  during 
days  having  Jr>-  continental  air  masses  the  radiation 
data  could  best  be  ascribed  to  a low  Mie  optical 
depth  (tv,®s0.05'i  and  large  index  of  absorption 
(0.02$  <$0.05 ).  They  felt  that  the  relatively  large 
values  for  the  index  of  absorption  (roughly  consistent 
with  those  of  Table  ll  were  due  to  the  low  humidity 
of  the  continental  air  mass. 

Eiden  (1966i  compared  theoretical  and  measured 
ellipticuies  of  light  scattered  by  a volume  of  atmo- 
spheric air  and  obtained  an  index  of  absorption  k 
I'anging  between  0 01  and  0.1  at  Mainz.  He  also 
pointed  out  that  an  increased  humidity  decreases  the 


effective  value  of  « supporting  the  conclusions  by 
Kuriyan  et  al.  (1979). 

Since  Eiden  (1966)  considered  only  three  different 
Junge  models  for  the  aerosol  size  distribution,  a better 
estimate  of  the  size  distribution  should  in  theory  lead 
to  a more  accurate  determination  of  the  imaginary 
index  of  refraction  of  the  aerosol  pai  tides.  Grams  et  al. 
(1974)  measured  the  angular  variation  of  the  intensity 
of  light  scattered  from  a collimated  beam  by  the 
atmospheric  aerosol  while  simultaneously  collecting 
the  partides  for  size  distribution  analysis.  With  an 
accurate  determination  of  the  aerosol  size  distribution 
thus  obtained,  theoretical  angular  scattering  intensity 
computations  were  performed  and  compared  to  simul- 
taneous measurements  of  the  same  in  order  to  de- 
termine the  index  of  absorption  of  the  atmospheric 
particulates.  Results  of  this  procedure  applied  to  23 
data  sets  obtained  at  Big  Spring,  Texas,  indicate 
that  K ranged  between  O.OOll  and  0.0214  with  a geo- 
metric mean  value  of  0.0050. 

.Although  Bergstrom  (1973''  and  Eiden  (1971)  have 
pointed  out  the  problems  inherent  in  using  bulk 
indices  of  refraction  of  collected  samples  of  atmo- 
spheric dust  in  computing  the  radiation  field  of  the 
free  atmosphere,  it  is  nevertheless  of  interest  to  com- 
pare the  values  obtained  in  the  present  investigation 
with  laboratory  measurements  of  the  bulk  index  of 
absorption.  Fischer  (1970)  has  collected  samples  of 
aerosol  particles  with  a jet  impactor  and,  by  means 
of  an  integrating  sphere  to  collect  the  scattered  light, 
inferred  the  index  of  absorption  of  the  particulates. 
.Assuming  that  the  density  of  the  aerosol  particles  is 
appro.ximately  2.0  g cm~*,  Fischer's  (1970)  values  for 
the  imaginary  inde.x  of  refraction  lie  in  the  range 
0.010<*<0.045  in  the  mid-visible  wavelength  region. 
More  recently  Fischer  (1973)  e.xamined  specific  par- 
ticulate samples  from  both  urban  and  rural  locations 
from  which  he  found  that  the  index  of  absorption  is 
typically  0.010  in  rural  locations  while  being  more 
typically  0.028  in  urban  locations. 

Lin  et  al.  (1973)  used  opal  glass  instead  of  a sphere 
to  integrate  the  light  scattered  by  collected  samples 
of  N'ew  York  City  particulates.  They  determined  that 
the  index  of  absorption  ranged  between  0.028  and 
0.050  with  a mean  value  of  0.040.  Using  the  Kubelka- 
Munk  theory  of  diffuse  reflectance  Lindberg  and 
Laude  (1974)  inferred  values  for  the  inde.x  of  ab- 
sorption of  samples  of  New  Mexico  dust  lying  between 
0.007  and  0.008. 

One  of  the  limitations  of  the  present  procedure  for 
inferring  the  ground  albedo  and  the  inde.x  of  absorp- 
tion of  atmospheric  particulates  is  the  sensitivity  of 
the  diffuse-direct  ratio  to  particles  <0.10  Mm  in  radius. 
Since  these  particles  are  very  diflicult  to  sense  from 
spectral  Mie  optical  depth  measurements  (King  et  al., 
1978),  the  effects  of  small  particles  on  the  values 
of  K and  .4  inferred  by  the  diffuse-direct  technique 
were  considered.  This  was  accomplished  by  comparing 
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results  obtsined  assuming  s Junge  (1955)  size  dis- 
tribution (or  the  aerosol  particla  with  one  slope 
(v*«3.0)  but  with  two  different  radii  ranges  (0.01- 
5.0  Min  and  0.10-5.0  Min).  Results  indicate  that  the 
effect  of  smail  particles  is  insignificant  in  the  deter- 
mination of  the  surface  reflectivity  though  it  may 
affect  significantly  (factor  of  *»2.5)  the  v^ue  of  the 
index  of  absorption  inferred.  The  fact  that  the  presence 
of  small  particles  can  have  a large  effect  on  the  value 
of  ( inferred  by  the  diffuse-direct  technique  may 
readily  be  understood.  Since  absorbing  particulates 
<0.10  mRi  in  radius  are  more  efficient  absorbers  than 
scatterers  (i.e.,  and  where  and 

Qab*  are  the  Mie  efficiency  factors  for  scattering  and 
a.^sorption,  respectively),  the  neglect  of  these  particles - 
in  computing  the  diffuse  radiation  field  in  the  earth’s 
atmosphere  affects  the  theoretical  values  of  the  dif- 
fuse-direct ratio.  For  a fi.xed  Mie  optical  depth  of 
the  atmosphere,  the  presence  of  a significant  number 
of  small  absorbing  particles  decreases  the  single- 
scattering albedo  and  consequently  the  computed 
diffuse-direct  ratio  over  those  values  computed  if 
only  particles  larger  than  0.10  Min  are  present.  Since 
these  compuutions  are  to  be  compared  with  mea- 
surements of  ^ at  a particular  value  of  r.v,  the  in- 
clusion of  a significant  number  of  particles  less  than 
0.10  Mm  in  radius  tends  to  decrease  the  inferred  value 
of  < over  the  value  determined  if  only  particles  larger 
than  0.10  Mm  are  included.  As  a consequence  of  this 
effect,  one  should  consider  the  values  reported  in  the 
present  investigation  as  being  an  upper  limit  of  the 
true  index  of  absorption.  Most  of  the  aerosol  size 
distributions  obtained  for  the  seven  days  analyzed  in 
Table  1 were  log-normal  in  character,  however,  and 
thus  showed  little  tendency  to  have  very  many  par- 
ticles smaller  than  0.10  Mm  In  radius.  These  types  of 
distributions  are  typical  of  days  for  which  the  Mie 
optical  depths  are  small  (King  ei  al.,  1973).  The  ob- 
served Mie  optical  depths  and  aerosol  size  distribu- 
tions for  6 May  and  15  June  1977  are  illustrated  by 
King  el  al.  (1978,  Fi^.  4 and  5). 

The  effect  of  particulates  with  radii  >4.0  Mm  is  of 
little  importance  since  the  reduced  number  of  particles 
at  these  sizes  is  such  that  their  contribution  to  the 
Mie  optical  depth,  and  hence  to  the  diffuse  radiation 
field,  is  on  the  order  of  a few  tenths  of  one  percent. 

Grams  el  al.  (1974)  investigated  the  effect  of  in- 
cluding particles  with  radii  <0.6  Mm  in  computing 
the  theoretical  scattering  intensities,  since  their  pri- 
mary refractive  index  analysis  only  included  log- 
normal size  distributions  with  particle  radii  >0.6  Mm. 
They  concluded  that  a Junge  distribution  extension 
to  smaller  particles  with  »*-3.0  (i.e.,  d.V/i  logr* 
tended  to  increase  their  inferred  geometric  mean  value 
of  the  index  of  absorption  from  0.005  to  0.008.  .Al- 
though no  mention  was  made  of  the  lower  radius 
limit  of  the  Junge  distribution  extension,  it  is  in- 
teresting to  note  that  the  direction  of  the  effect  of 


small  particles  is  just  the  opposite  of  that  of  the 
dlffuseAlirect  technique. 

S.  Conclusiont 

For  a successful  application  of  the  diffuse-direct 
technique  described  in  the  present  investigation,  it  is 
necessary  to  have  a clear  atmosphere  devoid  of  any 
cloud  cover  for  a long  enough  period  of  time  for  the 
solar  zenith  angle  to  undergo  a large  change,  pref- 
erably of  about  40*.  It  is  further  required  that  ac- 
curate normal  incidence  and  downward  hemispheric 
flux  densities  be  obtsined  over  narrow  bandpass 
wavelength  intervals.  A hemispherical  radiometer 
capable  of  quasi-monochromatic  flux  density  measure- 
ments has  been  designed  by  Huttenhow  (1976)  and 
used  in  the  present  investigation.  From  measurements 
of  the  hemispheric  diffuse  and  total  (global)  flux  den- 
sities, the  diffuse-direct  ratio  is  obtained  after  computing 
the  solar  zenith  angle  at  the  time  of  the  measurements. 

Due  to  fluctuations  in  the  magnitude  of  the  diffuse- 
direct  ratio  associated  with  daily  differences  in  Mie 
optical  depth  and  aerosol  size  distribution  (see  Fig.  4), 
a procedure  for  interpreting  measurements  of  the 
diffuse-direct  ratio  has  been  adopted  which  uses  as 
input  parameters  values  of  the  Mie  optical  depth  and 
aerosol  size  distribution  determined  from  alternative 
measurements  of  the  directly  transmitted  solar  radia- 
tion. In  addition,  the  complete  analysis  requires  an 
accurate  radiative  transfer  program  and  a statistical 
optimization  procedure  for  combining  these  factors  in 
order  to  obtain  the  particulate  index  of  absorption 
and  ground  albedo. 

.Although  the  combination  of  atmospheric  conditions 
and  instrumentation  are  difficult  to  satisfy  in  most 
locations,  they  can  normally  be  met  in  Tucson  during 
the  months  of  .April,  May  and  June.  Measurements 
have  been  collected  on  14  days  during  May  and  June 
1977  using  the  hemispherical  radiometer  described  in 
Section  2.  The  clear  and  stable  days  have  been  ana- 
lyzed and  presented  in  Table  1 for  two  wavelengths 
(0.5217  and  0.6708  urn),  with  the  diffuse-direct  ratio 
data  and  corresponding  regression  fits  being  illustrated 
in  Figs.  6 and  7.  The  mean  value  of  the  ground  albedo 
presented  here  is  in  agreement  with  other  measure- 
ments obtained  both  from  satellite  (Otterman  and 
Fraser,  1976)  and  low  flying  airci’aft  (Kung  el  al., 
1964;  Griggs.  1968;  DeLuisi  el  al.,  1976).  The  rela- 
tively Urge  variability  among  the  individual  data 
cases  presented  in  Table  1 is  primarily  a consequence 
of  the  small  Mie  optical  depths  which  occurred  during 
May  and  June  1977.  In  order  to  better  establish  the 
ground  albedo  and  its  daily  and  spectral  variability 
it  is  necessary  to  collect  more  observations  on  davs 
for  which  the  Mie  optical  depths  are  large  since  the 
sensitivity  of  the  diffuse-direct  ratio  to  ground  albedo 
increases  in  direct  proportion  to  (King  and 
Herman,  1979). 
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The  values  for  the  imaginary  part  of  the  complex 
refractive  index  of  atmospheric  particulates  are  lom^ 
what  higher  than  mituily  anticipated  but  not  in- 
consistent with  the  results  of  other  investigators 
(Eiden,  1966;  Fischer,  1970,  1973;  Lin  tt  al.,  1973; 
DeLuisi  €t  al.,  1976;  Kuriyan  et  al.,  1979).  As  a word 
of  caution,  however,  it  is  important  to  note  that 
spectral  Mie  optical  depth  measurements  in  the 
visible  and  near-infrared  wavelength  regions  are  rela- 
tively insensitive  to  the  aerosol  sue  ^tribution  at 
particle  radii  much  less  than  about  0.1  am  (King  et  al., 
' 1978).  This  can  lead  to  an  overestimation  of  the 

imaginary  index  of  refraction  of  atmospheric  partic- 
ulates using  the  diffuse-direct  technique  if  there 
are  an  optically  significant  number  of  small  (Aitlten) 
particles  present  in  the  atmosphere.  Fortunately,  the 
aerosol  size  distributions  obtained  for  most  of  the 
days  analyzed  in  this  investigation  were  log-normal 
in  character  with  the  radius  of  ma.ximum  concentra- 
tion lying  between  0.3  and  0.9  Mm.  These  data  show 
little  tendency  to  have  very  many  particles  smaller 
than  0.1  Mm  in  radius.  Since  the  sensitivities  of  the 
diffuse-direct  ratio  to  ground  albedo  and  index  of 
absorption  increase  with  increasing  Mie  optical  depth, 
situations  for  which  the  concentration  of  small  parti- 
cles increases,  it  is  necessary  to  obtain  a good  estimate 
for  the  aerosol  size  distrilsution  at  small  radii  when 
applying  the  methods  described  in  this  series  of  articles. 
On  high  optical  depth  situations  in  which  the  aerosol 
size  distribution  is  nearly  Junge  with  a large  value 
of  /*,  it  is  reasonably  simple  to  extend  the  minimum 
particulate  radius  for  inversion  purposes  to  0.06  Mm 
(King  et  al.,  1978). 

Because  the  parameters  < and  A determined  by  the 
diffuse-direct  technique  are  tho5  giving  the  best 
agreement  between  measurement  arid  radiative  transfer 
theory,  they  are  of  the  most  interest  to  meteorologists 
concerned  with  the  impact  of  aerosol  particles  on 
climate.  .As  pointed  out  by  Yamamoto  and  Tanaka 
(1972),  Wang  and  Oomoto  (1974)  and  Herman  and 
Browning  (1975),  it  is  both  the  index  of  absorption 
and  the  surface  reflectivity  which  determine  whether 
an  increase  in  the  Mie  optical  depth  will  lead  to  a 
warming  or  a cooling  of  the  earth’s  atmosphere.  As- 
suming that  the  mean  values  of  the  surface  albedo 
and  index  of  absorption  obtained  at  the  0.5217  and 
0.6708  Mm  wavelengths  apply  to  0.5550  Mm  (the  wave- 
length for  which  the  most  extensive  set  of  radiative 
transfer  computations  have  been  performed),  it  is 
readily  found  that  the  effect  of  particulates  over 
Tucson  is  one  of  heating  the  earth’s  atmosphere.  This 
is  primarily  a result  of  the  relatively  large  surface 
reflectivity  of  the  southwestern  desert  region  since 
a value  for  the  index  of  absorption  on  the  order  of 
O.OlO  is  sufficient  to  produce  a net  wauming  over  a 
wide  range  of  aerosol  size  distributions. 
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Aerosol  Size  Distributions  Obtained  by  Inversion  of  Spectral 
Optical  Depth  Measurements 

Micbaxl  D.  Kmo,'-*  Dau  M.  Byenz,*-'  Bxnjauin  M.  H£auAN>  Aifo  Joum  A.  Rsaoan^ 
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(Muuaoript  rtctivtd  17  Fcbnuuy  1971,  U AiuJ  fens  IS  Au|u«t  1978) 

ABSTRACT 

Coluainw  Mtotol  iIm  diitributionf  hav«  i>««n  mfcrrcd  by  aumciically  iavertiiif  partictaktt  optical  depth 
mcaaiiiemcnU  u a function  of  wavelenfth.  An  invenion  formula  whi^  explicitly  includea  the  mainitude 
of  the  maaaurement  variancea  it  derived  and  applied  to  optical  depth  meaturcmeati  obtained  in  Tucaon  with 
a tolar  radiometer.  It  ound  that  the  individual  tiM  diatiibutions  of  the  aeroaoi  particiet  (aaiumed  tpher- 
icai\  at  ieaat  for  radii  iO.l  rtm,  fail  in'.o  one  of  three  dittinctly  different  cateforiet.  Approximately  S0% 
of  all  diitributiont  examined  thu:  far  can  bett  be  represented  u a eompoaite  of  a Jun|c  diitribution  piua 
a diattibution  of  relatively  monodiipcracd  larger  particiet  centered  at  a radiua  of  about  0.5  «im.  Scarcely 
20%  of  the  diatributiona  yielded  Junge  aim  diatributiont,  while  ?0%  >.'tldcd  relatively  monodiaperted 
diatiibutiona  of  the  log-normal  or  gamma  distiibutioo  types.  A repreKoutive  telection  of  each  of  these 
types  will  be  presented  and  diacuaaed.  The  aenaitivity  of  spectral  attenuatioit  mcuurementt  to  the  radii 
lir^ta  and  refractive  index  aaaumed  in  the  numerical  inveraioo  will  alto  be  addrtated. 


1.  Introduction 

A relationship  between  the  size  of  atmospheric 
aerosol  partid  s and  the  wavelength  dependence  of 
the  e.Ttinction  coeffident  was  first  suggested  by  Ang- 
strSm  (1929).  Since  that  time  Angstrom’s  (1929) 
empiri-al  formula  for  the  wavelength  dependence  of  the 
e.xtinction  coeffident  has  been  directly  related  to  a 
parameter  of  a Junge  size  distribution  when  the  t-dii 
extend  from  0 to  » (van  de  Hulst,  1957 ; Junge,  1963). 
Curdo  (1961)  used  the  wavelength  dependence  of  the 
particulate  extinction  coeffident  in  the  visible  and 
near-infrared  regions  to  infer  the  aerosol  size  distri- 
butions existing  above  water  in  the  Chesapeake  Bay 
area.  He  determired  that  the  majority  of  aerosol  size 
distributions  could  best  be  represented  by  a two- 
component  size  distribution  consisting  of  a Junge-type 
distribution  plus  a small  component  of  larger  particles. 
This  type  of  composite  distribution  was  the  most 
capable  of  explaining  the  wavelength  dependence  of  the 
attenuation  me.*3urements  he  observed 

Yamamoto  and  Tanaka  (1969)  were  the  first  to 
apply  a numerical  inversion  algorithm  lo  spectni 
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meuurements  of  extinction  coefficient  in  order  to 
determine  an  aerosol  size  distribution.  These  authors 
applied  the  linear  inversion  techniques  developed  by 
Phillips  (1962)  and  Twomey  (1963)  to  the  problem  of 
numerically  solving  the  Fredholm  integral  equation  of 
the  first  kind  which  arises  in  this  problem.  Although 
they  clearly  demonstrated  that  these  numerical  pro- 
cedures are  quite  successful  for  obtaining  size  distri- 
butions by  remote  sensing,  other  investigators  more 
recently  have  still  continued  to  estimate  parameters 
of  model  size  distributions  from  spectral  attenuation 
measuremenu  (e  g.,  Quenzel,  1970;  Shaw  et  al.,  1973). 
Although  these  fitting  procedures  are  reasonably  satis- 
factory, they  are  more  restrictive  than  inversion  pro- 
cedures in  that  they  assume  that  the  atmospheric 
particulates  follow  one  of  several  possible  analytical 
distributions. 

Grassl  (1971)  presents  an  iterative  method  for 
numerically  inverting  spectral  attenuation  data.  .After 
demonstrating  the  success  of  this  algorithm  on  spectral 
attenuation  coefficients  generated  for  three  model  size 
distributions,  the  size  distributions  obtained  by  inver- 
sion of  two  real  data  cases  are  presented.  In  order  to 
accurately  determine  aerosol  size  distributions  from 
spectral  optical  depth  measurements  obtained  from 
direct  solar  observations,  it  is  necesuri’  to  collect 
optical  depth  measurements  over  a sufficient  number 
of  wavelengths  tc  obtain  a good  estimate  of  both  the 
ozone  absorption  and  particulate  optical  depths 
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sep&ntdy.  In  making  these  corrections,  Grass!  (197!) 
used  tabulated  values  for  a model  atmosphere  in  lieu  of 
alternative  observations. 

In  the  present  investigation  an  earlier  theoretical 
study  (Herman  et  ai.,  1971)  of  angular  scattering 
intensities  has  been  e-xtended  to  the  problem  of  inferring 
columnar  aerosol  size  distributions  by  inversion  of 
spectral  optical  d^th  measurements.  An  mversion 
formula  which  e.xplicitly  buudes  the  magnitudes  of 
the  measurement  variances  is  derived  and  a{^ed  to 
optical  depth  measurements  obtained  in  Tucson  with 
a solar  radiometer.  Aerosol  size  distribution  results 
have  been  obtained  for  57  days  and  the  results  of  a 
representative  selection  are  presented,  together  with  a 
diKussioc  of  the  relative  frequency  of  occurrence  of 
various  types  of  distributions.  Some  of  the  practical 
difficulties  to  be  considered  when  inverting  spectral 
attenuation  measurements  will  be  discussed.  The  most 
important  of  these  are  the  radii  limits  of  ma.eimum 
sensitivity  and  the  particulate  refractive  inde.x  assumed 
in  the  inversion. 

2.  Method  of  solution 

From  wavelength  measurements  of  the  directly 
transmitted  solar  du.x  density  as  a function  of  solar 
zenith  angle,  one  can  obtain  spectral  values  of  the 
particulate  (Mie)  optical  depth  (Shaw  et  ai.,  1973; 
Kin;  and  Byrne,  1976).  The  ^>ectral  variation  of  Mie 
optical  depth,  designated  rjf(X),  is  produced  through 
attenuation  by  aer^.  '>1  and  is  primarily  determined  by 
the  aerosol  size  disti.oution.  Assuming  that  the  atmo- 
spheric particulates  can  be  modeled  by  equivalent 
spheres  of  known  refractive  index  to  a sufficient  degree 
of  accuracy,  the  integral  equation  which  relates  optical 
depth  to  an  aerosol  size  distribution  can  be  written  as 


rj#(X)' 


{[ 


i 


rjr(X)-  / Tr^«(r,X,m)»,(r)dr, 


(2) 


distribution,  i.e.,  the  number  of  particles  per  unit  area 
per  unit  radius  interval  in  a vertical  column  through  the 
atmoi^here. 

To  determine  n«(r),  the  transform  of  (2)  must  be 
obtained.  Since  an  e.xpression  for  n,(r)  cannot  be 
written  analytically  as  a function  of  the  r.i/(X',  values, 
a numerical  approach  must  be  followed.  Therefore, 
the  integral  in  (2)  is  replaced  by  a summation  over 
coarse  intervals  in  r each  of  which  is  composed  of 
several  subintervals  as  described  by  Herman  et  ai. 
(1971)  for  the  case  of  the  angular  distribution  of 
scattered  light  of  one  wavelength.  In  order  to  examine 
the  specific  kernel  functions  which  result  if  that  pro- 
cedure is  applied  to  the  present  problem,  we  let  n,(r) 
"*(»■)/('■),  where  k(r)  is  a rapidly  var^.dng  function  of  r, 
while  /(r)  is  more  slowly  varydng.  With  this  substi- 
tution, Eq.  (2)  becomes 

rjffX)-  f rr^u,(r,X,m)k(r)/(r)dr 


Z / vr*Q^(r,X,m)A(f)/(r)(/r,  (3) 


where  the  limits  of  integration  have  been  made  finite 
with  ri»r,  and  If  f(r)  is  assumed  constant 

wit’iin  each  coarse  interval,  a system  of  linear  equa- 
tions results  which  mav  be  written  as 


(4) 


rr*Q^(r,\,m)n(r,z)dsdr,  (1) 


where  t is  an  unknown  error  vector  whose  elements  *< 
represent  the  deviation  between  measurement  (g.)  and 
theory  (^,  A ,J,).  This  deviation  arises  from  quadrature 
and  measurement  errors,  as  well  as  any  unceruinties 
as  to  the  e.xact  form  of  the  kernel  function  [in  this  case, 
vr*Q«(r,X,m)]. 

Returning  to  (3),  it  follows  uat  the  elements  of  (4) 
are  given  by 


where  n(r,z)dr  is  the  height-dependent  aerosol  number 
density  in  the  radius  range  r to  r-fdr  ; m the  complex 
refractive  index  of  the  aerosol  particles;  X the  wave- 
length of  the  incident  illumination;  and  Qn«(r,X,m)  the 
extinction  efficiency  factor  from  Mie  theory.  The  effects 
of  possible  variations  of  the  particulate  refractive  index 
with  wavelength  and  particle  radius  will  be  discussed  in 
Section  4.  In  the  present  formulation,  the  aerosol  is 
assumed  to  consist  of  homogeneous  spherica'  ^articles 
which  are  nondispersive  over  the  wavelengt.'  nge  of 
the  observations.  Performing  :he  heigh<  in^.^  ation, 
Eq.  (1)  can  be  rewritten  as 


gi-rjf(X.), 


»-l,  2,  ...,p. 


»r^«»(r,X„m)A(r)dr,  1,  2,  . . . , j,  (5) 


where  f,  are  the  midpoints  of  the  coarse  intervals. 
Writing  (5)  as  i -'uadrature  results  in  an  e.xpression 
similar  to  that  obta.aed  by  Herman  et  ai.  (1971)  where 
their  weighting  functions  lK*,(r*,)»A(r*j)Art^  in  the 
terminology  used  here  and  are  the  midpoint  radii 
of  the  subintervals. 

In  terms  of  an  integral  over  .t-logr,  Eq.  (3)  may  be 
rewritten  as 


where  n,{r)  is  the  unknown  columnar  aerosol  size 


K{x,\)dx, 


(6) 
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where 


defined  by  Twomey  (1963)  as 


jr(xA)-Tl0»^«.(10',X,«)A(10*)lnl0.  (7) 

Eqs.  (6)  and  (7)  are  those  obtained  by  Yamamoto 
and  Tanaka  (1969)  if  h(r)  takes  the  form  of  a Junge 
(1955)  size  distribution, 

A(,)-f-<'^i>,  (8) 


with  IT*  assumed  to  have  a value  of  3.0. 

Phillips  (1962)  and  Twomey  (1965)  have  discussed 
the  instability  in  the  solution  vector  f which  results  if 
(4)  is  directly  solved  by  minimizing  Phillips 

suggested  that,  due  to  ever-present  error,  a constraint 
be  added  that  discriminates  against  such  instability. 
In  order  to  select  a physical  solution  among  the  family 
of  solutions  which  satisfy  (4),  Phillips  introduced  a 
smoothing  constraint  such  that  the  sum  of  the  squares 
of  the  second  derivatives  of  the  solution  points  is 
minimize  For  a quadrature  of  equal  division,  the 
solution  vector  f is  obtained  by  minimizing  a perform- 
ance function  Q,  defined  as 

Q-  t Z (9) 

*•1  7^ 

where  y is  some  non-negative  Lagrange  multiplier. 
Minimizing  Q with  respect  to  the  unknown  /»  coeffi- 
cients, when  r equals  zero,  is  equivalent  to  making 
an  unweighted  least-squares  fit  to  the  data. 

Since  it  is  further  known  that  some  of  the  rv(X<) 
measurements  are  more  precise  than  others,  it  is  de- 
sirable to  include  that  a priori  information  in  the  mathe- 
matical formalism.  For  the  case  in  which  the 

measurements  are  correlated  with  known  covariances 
a more  general  form  of  (9)  would  be 

<2-  E £ C.r‘».«,+T  £ (10) 


where  C„  is  an  element  of  the  measurement  covariance 
matri.x  C whose  elements  are  given  by  This 

follows  from  the  Gauss-Markov  t'liorem  in  the  absence 
of  a constraint  (see,  e.g.,  Liebelt,  1967),  and  thus  the 
minimum  value  of  Q represents  the  statistically  opti- 
mum estimate  of  f. 

Following  the  method  suggested  by  Twomey  (1963) 
whereby  the  performance  function  is  differentiated 
with  respect  to  each  of  the  /*  coefficients,  a set  of 
simultaneous  equations  results  which  may  be  written  as 

- £ £ 


+7  £ 


A-1,2,...,?,  (U) 


where  Ft,  is  an  element  of  the  smoothing  matri.x  H 


H- 


1-2  1 0 0 
-2  5-4  1 0 0 

1-4  6-4  10 

0 1-4  6-4  1 0 


. (12) 


0 1-4  5 -2 

0 1-2  1 


The  series  of  equations  in  (11)  can  be  written  in  matri.x 
form  as 

-ATC-if-fTHf^O.  (13) 


where  A’^  is  the  transpose  of  A.  Eliminating  c between 
(4)  and  (13)  leads  to  the  solution 

f=  (ATC->A-i-7H)-‘ATC-’g.  (14) 


For  the  case  in  which  the  statistical  errors  in  the 
measurements  are  assumed  equal  and  uncorrelated,  C 
reduces  to  where  s represents  the  constant  rms 
error  and  I is  the  identity  matri.s.  With  this  assumption, 
Eq.  (14)  reduces  to  the  form  derived  by  Twomey 
(1963). 

For  the  attenuation  problem  considered  here,  the 
statistical  errors  in  the  measurements  are  assumed 
uncorrelated  but  kne  vn  to  be  unequal  (King  and 
Byrne,  1976).  ,\s  a consequence  of  this,  the  covariance 
matrix  becomes  diagonal  with  elements  given  by 
C,,*(ri„(X.)4,„  where  i„  is  the  Kronecker  delta  func- 
tion. This  gives  a relative  weighting  to  each  of  the 
measurements,  placing  greater  emphasis  cn  those 
measurements  which  have  the  sm^est  error  bars. 
With  C defined  in  this  manner,  Eq.  (14)  is  equivalent 
to  making  a weighted  least-squares  fit  tc  the  data 
subject  to  a constraint. 

Initially,  a zeroth-order  weighting  function  A<®’(r) 
is  assum^  in  (5)  from  which  first-order  /‘‘’(^j)  values 
are  computed  with  the  aid  of  (14'  Since  the  solution 
vector  f“'  represents  a modifying  factor  to  the  assumed 
form  of  A‘“'(r),  the  /'‘’(i*,)  values  are  then  used  to 
calculate  a first-order  weighting  function,  which 

better  represents  the  size  distribution  than  the  initially 
assumed  weighting  function.  The  first-order  weighting 
function  is  then  substituted  back  into  (5)  from  which 
a second-order  f<”  is  obtained  through  (14).  This 
iterative  procedure  is  continued  until  a stable  result 
is  obtained  (Herman  et  al.,  1971). 

Two  advantages  result  from  separating  the  size 
distribution  function  into  two  parts  as  described  above. 
The  most  obvious  advantage  is  that  the  quadrature 
erroc  which  results  from  (3),  when  f(r)  is  assumed 
constant  in  each  coarse  interval,  will  be  less  the  better 
h(r)  comes  to  describing  the  size  distribution.  In  fact, 
if  the  weighting  function  represents  the  size  distri- 
bution exactly,  f will  be  a vector  whose  elements  are 
unity  (Herman  rt  ai.,  1971).  The  second  advantage, 
though  less  obvious,  is  equally  important.  Since  the 
smoothing  constraint  minimizes  the  second  derivatives 
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of  the  solution  points  on  a liHear  scale,  it  is  a much 
more  appropriate  constraint  in  cases  in  which  f(f,)  is 
nearly  constant.  Since  the  columnar  size  distribution 
typic^y  varies  over  many  orders  of  magnitude,  a 
dimt  inversion  for  M«(r)  would  con^t  of  minimizing 
curvature  of  a function  which  implicitly  has  large 
curvature.  A Junge  distribution,  for  example,  is 
nearly  a delta  function  for  large  values  of  »*  on  a linear 
scale  and  hence  has  large  curvature,  even  though  it  has 
zero  curvature  on  a log  scale  (Twomey,  personal 
communication). 

For  the  results  presented  in  this  paper,  the  initial 
weighting  functions  were  assumed  to  ^ve  the  form  of  a 
Junge  size  distribution  given  by  (8).  In  practice,  several 
different  values  of  »*  are  used  to  calculate  the  zeroth- 
order  weighting  function  and  the  final  results  after 
successive  iterations  are  intercompared.  One  test  of 
the  procedure  is  the  similarity  of  ^e  results  obtained 
when  different  values  of  »*  are  used.  This  point  will 
further  be  addressed  in  the  ne.xt  section. 

In  performing  the  inversion  described  above,  it  is 
necessar>'  to  select  a value  for  y.  Since  y enters  (14) 
in  a manner  such  that  elements  of  7H  are  to  be  added 
to  A'*'C~‘A  to  produce  the  desired  smoothing,  the 
magnitude  of  7ff*,/(A'’^C~*A)*,  is  of  importance,  not 
the  magnitude  of  y alone.  In  selecting  y,  therefore, 
7ni»7ffu/'(A^C~*A)vi  is  allowed  to  vary  in  the  range 
I0~*  to  1 until  a minimum  value  of  Yni  is  reached  for 
which  all  elements  of  the  solution  vector  f are  positive 
(i.e.,  negative  values  of  the  elements  of  f constitute 
an  unphysical  solution). 

3.  Aerosol  size  distribution  results 

The  method  for  determining  the  columnar  aerosol 
size  distribution  described  in  the  preceding  section 
has  been  carried  out  at  the  University  of  Arizona 
since  August  1975.  The  Mie  optical  depth  measure- 
ments have  been  determined  by  the  method  described 
by  King  and  Bymc  (1976).  In  this  procedure  the  ozone 
absorption  optical  depths,  and  hence  total  ozone  con- 
tent of  the  atmosphere,  are  inferred  from  the  spectral 
variation  of  total  opticsd  depth  in  the  visible  and  near 
infrared  wavelength  regions.  Using  the  Oi  absorption 
optical  depths  determined  in  this  maimer,  the  v^ues 
of  the  Mie  optical  depth  are  obtained  by  subtracting 
the  molecular  scattering  and  estimated  0i  absorption 
contributions  from  the  total  optical  depth.  At  the 
present  time  inversions  have  been  carried  out  for  57 
different  days,  of  which  the  results  of  a representative 
selection  are  presented  below.  For  consistency  of 
presentation,  all  inversions  were  performed  assuming 
the  complex  refractive  index  of  the  aerosol  particles 
was  wavelength  and  size  independent  and  given  by 
mal.45— O.OOt.  .Although  this  value  was  arbitrarily 
selected,  there  is  considerable  evidence  that  the  reri 
part  of  the  index  of  refraction  lies  somewhere  between 
1.33  (pure  water)  and  1.54  (silicate  particles)  as 


discussed  by  Yamamoto  and  Tanaka  (1969)  and  others. 
The  results  of  a combined  direct  sampling  and  remote 
sensing  e.^riment  over  Tucson  in  November  1974 
are  suggestive  of  a real  index  between  1.40  and  1.43 
for  the  aerosol  particles  (Reagan  et  al.,  1977).  This 
refractive  index  is  in  good  agreement  with  the  refrac- 
tive index  of  HtS04  -6  HtO  droplets  which  comprised 
about  30%  of  the  particles  analyzed  by  the  electron 
microscope  in  this  e.xperiment  (Reagan  et  al.,  1977). 
The  effect  of  varying  the  refractive  index  assumed  in 
the  inversion  procedure  was  addressed  by  Yamamoto 
and  Tanaka  (1969)  where  it  was  shown  that  the  inverted 
size  distribution  maintains  its  shape  under  various 
values  of  refractive  index  when  m*  I.O.  The  validity  of 
this  result  for  indices  of  refraction  between  1.45  and 
1.54  will  be  examined  in  Section  4. 

Optical  depth  measurements  made  at  between  six 
and  eight  different  wavelengths  ranging  between  0.4400 
and  1.0303  Mm  have  been  used  in  the  size  distribution 
determinations  to  be  presented  below.  Due  to  both  the 
extinction  cross  sections  (which  increase  significantly 
with  radius)  and  the  number  densities  of  the  natural 
aerosol  particles  (which  normally  decrease  with  radius), 
this  spectral  region  of  the  attenuation  measurements 
limits  the  radius  range  of  maxitr..m  sensitivity  to  the 
large  and  giant  aerosol  particles  only  (0.1<r;54.0 
Mm).  .Although  this  matter  has  been  considered  by 
Yamamoto  and  Tanaka  (1969)  for  both  Junge-  and 
Woodcock-type  aerosol  size  distributions,  it  is  • ery 
important  to  realize  that  there  is  no  absolute  nile  which 
determines  the  radii  limits  having  the  most  significant 
contribution  to  the  attenuation  measurements.  .As 
will  be  shown  in  the  next  section,  this  radius  range  is 
dependent  on  both  the  form  of  the  size  distribution 
function  and  the  values  of  the  Mie  extinction  cross 
sections  over  the  radius  range  Since  the  size  cistri- 
bution  function  is  not  known  in  advance,  it  is  apparent 
that  occasional  trial  and  error  is  required  in  order  to 
determine  the  radius  range  over  which  the  inversion 
can  be  performed. 

It  is  convenient,  for  purposes  of  illustration,  to 
categorize  the  inversion  results  according  to  both  the 
form  of  the  columnar  aerosol  size  distribution  and  the 
spectral  dependence  of  the  Mie  optical  depths.  In  lieu 
of  n,(f)  or,  equivalently,  iNJir,  the  size  distribution 
results  are  presented  in  terms  of  d.\%,  d logr,  represent- 
ing the  number  of  particles  per  unit  area  per  unit  log 
radius  interval  in  a vertical  column  through  the  atmo- 
sphere. In  most  cases  the  columnar  aerosol  size  distri- 
butions can  be  classified  in  terms  of  three  different 
types  of  distributions  (although  gradations  between 
two  different  types  are  occasionally  observed  making 
this  classification  somewhat  arbitrary'.  .An  example 
of  the  first  type  is  illustrated  in  Fig.  1 for  13  .August 
1975,  a day  for  which  the  spectral  Mie  optical  depth 
measurements  very  nearly  follow  .\ngstr0m  s i'1929) 
empirical  formula  given  by  t.v(X1  “dX"*.  The  observed 
Mie  optical  depths  and  corresponding  standard  devia- 
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Fia.  1.  Observed  Mie  optical  depths  and  estimated  size  distributions  for  13  August  1975.  The  three  distribution  curves  on 
the  right  represent  the  results  using  different  initial  weighting  functions  (see  text)  while  the  curve  on  the  left  indicates  the 
regression  fit  to  the  data  using  the  inverted  size  distributions. 

tions  are  shown  in  the  left  portion  of  the  figure  while  The  aerosol  siae  distributions  illustrated  in  Fig.  1 
the  size  distributions  obtained  by  inverting  these  data  can  best  be  described  as  crastituting  either  Junge  or 

for  three  initial  v*  cases  are  shown  in  the  right  portion,  two-slope  types  of  size  distributions.  They  have  been 

The  solid  curve  in  the  left  portion  indicates  how  the  observ^  on  approximately  20%  of  all  days  examined 

inverted  size  distributions  are  able  to  reproduce  the  thus  far.  Fig.  2 illustrates  the  spectral  optical  depth 

tm(\)  measurements  (i.e.,  the  direct  problem  l-Af).  measurements  and  corresponding  size  distributions  for 

In  applying  the  inversion  procedure  described  in  the  three  additional  days  v -d  29  .August  and  29  October, 

preceding  section,  several  different  initial  Junge  1975)  where  only  on«-  bution  function  is  shown 

distribution  parameters  y*  are  assumed  in  formulating  for  each  day.  In  all  u..  .ices  the  sensitirity  to  the 

the  zeroth-order  weighting  functions  A‘*”(r)  so  that  initial  weighting  function  was  negligible.  The 

the  results  after  subsequent  iterations  can  be  inter-  Mie  optical  depth  data  for  cases  of  this  t\'pe  always 

compared.  In  practice,  a best-  fit  value  for  the  AngstrSm  tend  to  exhibit  linear  or  slightly  positive  curved 

turbidity  coefficient  a is  determined  from  the  observed  spectral  dependences  of  logr^  (X)  vs  logX  with  relatively 

values  of  rjz(X)  bv  linear  least-squares  methods,  from  steep  slopes  (a*  1.2)  and  relatively  high  turbidities 

which  a corresponding  y*  value  is  determined  from  the  [r.if  (0.6120  jitn)  ««0.08].  The  one-to-one  correspondence 

well-known  relationship  y*’^a+2.  Inversions  are  then  between  the  slope  of  the  dau  (a)  and  the  slope  of  the 

performed  for  three  different  values  of  the  Junge  inverted  size  distribution  (■'*)  is  readily  apparent  on 

pjarameter  about  this  value  («z.,  k*— 0.3,  y*  and  e.xamination  of  Fig.  2. 

!»•+ 0.5).  For  the  data  case  illustrated  in  Fig.  1 a- 1.55,  On  occasions  when  the  Mie  optical  depths  are  small, 
and  thus  inversions  were  performed  using  the  initial  r.i*(X)  tends  generally  to  increase  with  wavelength 

values  v*-3.05,  3.55  and  4.03  as  indicated  in  the  right-  (i.e.,  o<0.00).  On  most  of  these  occasions  the  spectral 

hand  figure.  It  is  readily  apparent  that  all  initial  values  Mie  optical  depth  measurements  e.xhibit  negative 

of  the  weighting  functions  A“»(r)  were  able  to  be  curvature.  .An  e.xample  of  this  t>T)e  is  illustrated  in 

perturbed  such  that  the  results  after  subsequent  Fig.  3 for  the  data  of  24  October  1973.  In  a similar 

iterations  .vieided  solutions  quite  independent  of  the  manner  to  the  method  described  above,  an  Angstrdm 

initial  “guess.”  ^’rbidity  coefficient  was  estimated  from  the  data  to  be 
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Fic.  2.  Observed  Mie  optical  depths  end  estimtted  size  distributions  for 
7 August,  29  August  snd  29  October,  1975. 


a— —0.27,  and  thus  inversions  were  performed  using 
weighting  functions  having  initial  Junge  parameters 
>'•“1.23,  1.73  and  2.23.  It  is  readil'  apparent  on 
e.'tamination  of  Fig.  3 that  distinctly  non-Junge  size 
distributions  result  from  data  of  this  type.  This  is  not 
une.xpected  since  the  tendency  for  negative  curvature 
on  the  part  of  the  data  suggests  an  absence  of  both 
small  and  large  particles. 

The  three  diflFerent  size  distributions  illustrated  in 
Fig.  3 indicate  a relative  insensitivity  to  the  choice 
of  the  Junge  parameter  in  the  initial  weighting  functions 
e.Tcept  in  the  radius  range  where  little  retrievable 
information  e.xists.  The  inversion  result  presented  here 
was  specifically  selected  because  it  clearly  demonstrates 
that  the  inversion  procedure  is  capable  of  perturbing 
the  initial  guess  as  required.  Most  data  (but  not  all) 
do  not  necessitate  such  a drastic  alteration  of  the  initial 
weighting  function  A‘'”(r).  All  days  for  which  the  Mie 
optical  depths  e.xhibit  negative  curvature  while  in- 
creasing with  wavelength  produce  inverted  size  distri- 
butions which  are  relatively  monodisperst,  as  is  the 
case  with  the  data  of  Fig.  3.  These  types  of  distributions 
have  been  observed  on  approximately  30%  of  all  days 
e.Tamined  thus  far. 

Fig.  4 illustrates  the  spectral  optical  depth  measure- 
ments and  corresponding  size  distributions  for  12 
November  1975  and  6 and  15  May  1977,  days  for 


which  the  data  increase  with  wavelength.  In  all 
instances  the  inverted  size  distributions  are  relatively 
monodisperse  in  character  with  very  little  sensitivity 
to  the  initial  weighting  function  /t‘”(r).  Data  of  this 
type  are  often  difficult  to  invert  due  to  the  problems 
associated  with  determining  the  radius  range  having 
the  major  contribution  to  the  attenuation  measure- 
ments. For  this  reason  it  is  frequently  necessary  to 
invert  a data  set  several  different  times  with  slight 
alterations  in  the  radius  range.  To  this  end,  the  agree- 
ment between  distributions  having  different  initial 
weighting  functions  affords  a very  convenient  subjec- 
tive test  of  stability.  None  of  the  attenuation  measure- 
ments over  the  Chesapeake  Bay  (Knestrick  rl  al., 
1962)  which  were  considered  by  Yamamoto  and 
Tanaka  (1969)  showed  any  spectral  dependencies 
similar  to  Figs.  3 and  4.  The  large  Junge  parameter 
(»*“3.0)  used  ir  their  weighting  functions  would 
probably  have  made  it  more  difficult  to  invert  any 
data  of  this  type  had  they  occurred. 

Not  all  spectral  optical  depth  measurements  which 
e.'chibit  negative  curvature  or  negative  Angstrom 
turbidity  coeficients  [i.e.,  ri/(\i  increases  as  a function 
of  \]  show  quite  as  dramatic  a mono<L>,^rse  character 
to  the  size  distributions  as  the  data  of  Figs.  3 and  4. 
Fig.  5 illustrates  the  spectral  optical  depth  measurements 
and  corresponding  size  distributions  for  10  October 
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Fig.  7.  As  in  Fig.  2 except  for  messurcments  on  four  consecutive  dsys  from  3 u 6 November  1975. 


1975,  30  March  1976  and  15  June  1977.  On  these  days 
(as  well  as  several  others)  the  rjr(X)  measurements  had 
characteristic  negative  curvature  resulting  in  size 
distributions  which  tended  to  be  peaked  but  quite 
broad  and  asymmetric.  There  appears  to  be  curre- 
^cdence  between  the  slope  of  the  r.v(X)  measure- 
ments at  the  short  wavelengths  and  the  radius  at 
which  the  distribution  attains  a maximum.  The  Mie 
qjtical  d^th  measurements  which  produce  this  second 
class  of  distributions  (type  II)  are  typically  very  small 
[rjv(0.6120  Mm)  **0.03]  with  Angstrtfm  turbidity 
coefficients  which  are  typically  negative  (a«— 0.23). 
The  single  dau  case  of  30  March  1976  (see  Fig.  5) 
deviates  the  most  from  these  values,  and  the  corre- 
^nding  size  distribution  could  equally  well  be  cate- 
gorized as  a type  I (Junge-type)  distribution,  thus 
making  classification  according  to  three  distinct  types 
somewhat  arbitrary. 

Perhaps  the  most  interesting  distribution  type  which 
has  been  observed  thus  far  is  one  for  which  rhe  spectral 
optical  depth  values  are  intermediate  between  the  large 
t^idities  of  type  I and  the  small  turbidities  of  type 
n.  On  occasions  when  the  Mie  optical  depths  are 
intermediate  in  magnitude  [rx(0.6l20  Mm) *0.05], 
rjf(X)  tends  generally  to  decrease  with  wavelength 
(a  *0.5)  but  with  positive  curvature.  An  e.xample  of 
this  type  (which  will  be  referred  to  is  type  III)  is 
illustrated  in  Fig.  6 for  the  dau  of  20  November  1975. 


On  this  day  the  Angstrdm  turbidity  coefficient  was 
estimated  to  be  0.21,  and  thus  inversions  were  per- 
formed using  Junge  distribution  initial  weighting 
functions  with  v**1.7l,  2.21  and  2.71.  Fig.  6 clearly 
demonstrates  that  not  only  do  non-Junge  aerosol  size 
distributions  result  but  that  the  inversion  procedure 
is  quite  capable  of  perturbing  the  initial  weighting 
functions  A<®’(r)  as  required.  .All  days  for  which  the  Mie 
optical  depths  exhibit  relatively  small,  but  positive, 
Angstrdm  turbidity  coefficients  with  positive  curvature 
imply  aerosol  size  distributions  wnich  can  be  repre- 
sented as  a combination  of  a power  law  (type  I)  and  a 
relatively  monodisperse  (type  II)  distribution,  as  is  the 
case  with  the  dau  of  Fig.  6.  These  types  of  distributions 
have  been  observed  on  about  50%  of  the  days  e.xamined 
thus  far.  It  is  consistent  with  the  present  results, 
however,  to  consider  types  I and  II  to  be  subsets  of 
the  more  general  type  of  distribution  shown’  in  Fig.  6 
since  all  distributions  can  be  represented  by  a combina- 
tion of  types  I and  II  where  the  relative  concentrations 
of  these  two  types  vary  in  space  and  time. 

Fig.  7 illustrates  the  spectral  optical  depth  measure- 
menu  and  corresponding  aerosol  size  distributions  for 
an  episode  of  four  consecutive  days  in  November  1975. 
Note  in  particular  that  r.v(X)  for  the  three  longest 
wavelengths  is  very  similar  in  shape  for  all  four  da>'s 
.as  is  the  size  distribution  function  for  Che  larger  par- 
ticles. However,  the  slopes  of  the  r.v(X)  measuremenu 
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tt  the  shorter  wav<_engths  are  directly  correlated 
with  the  slopes  of  the  Junge  part  of  the  aerosol  size 
distributions  at  the  smaUer  radii. 

The  resulting  two^omponent  size  distributions  shown 
in  Figs.  6 and  7 are  consistent  with  the  production 
mechanisms  of  atmospheric  aerosol  particles.  Those 
particles  with  radii  <0.5  Mm  are  produced  by  a com- 
bination of  nucleation  from  the  gas  phase  and  subse- 
quent coagulation.  Particles  having  radii  >1.0  Mm  are 
principally  the  result  of  mechanical  and  wind  stresses 
at  the  earth's  surface.  It  is  known  from  aerosol  physics 
that  these  production  mechanisms  are  not  very  effective 
in  the  O.S-1.0  nm  range,  and  thus  it  is  not  surprising 
that  a separation  of  two  regions  might  sometimes  be 
observed.  A more  complete  discussion  of  aerosol  physics 
can  be  found  in  Twomey  (1977).  A review  of  the 
multimodal  nature  of  size  distributions  and  their 
physical  characteristics  is  given  by  Whitby  (1978). 

Curcio  (1%1)  assumed  that  the  atmospheric  particu- 
lates were  composed  of  such  a two-component  system 
with  the  smaller  particles  given  by  a Junge  distribution 
and  the  larger  ones  by  a Woodcock  or  Gaussian  distri- 
bution. Most  of  the  spectral  attenuation  measurements 
he  presented,  as  well  as  theoretical  computations  using 
this  model,  have  wavelength  characteristics  similar  to 
those  presented  above  for  wavelengths  in  the  visible 
and  near-infrared  regions.  Curcio  similarly  found  that 


the  higher  attenuation  data  cases  tended  to  be  domi- 
nated by  Junge-type  aerosol  size  distributions  in 
essential  agreement  with  the  results  presented  above. 

Although  Yamamoto  and  Tanaka  (1969)  inverted 
data  with  wavelength  characteristics  similar  to  those 
in  Figs.  6 and  7,  their  inversions  show  none  of  the 
bimodal  characteristics  which  we  have  observed.  This 
may  be  partly  due  to  their  representing  the  size  distri- 
butions on  a Kale  of  n(r)  or  dN.  dr,  rather  than 
dN id  logr,  which  tends  to  stretch  the  appearance  of  the 
distributions. 

As  pointed  out  earlier,  gradations  between  clear<ut 
distribution  types  occasionally  occur,  making  classifi- 
cation into  three  distinct  categories  somewhat  arbitrarv. 
Fig.  8 illustrates  the  spectral  optical  depth  measure- 
ments and  corresponding  size  distributions  for  1 and 
3 November  1976  and  18  May  1977,  days  for  which  the 
aerosol  size  distributions  are  very  similar  and  the 
optical  depth  data  show  very  subtle  curvature  differ- 
ences. In  estimating  the  relative  frequencies  of 
abundance,  the  size  distribution  for  3 November  1976 
was  considered  to  be  partly  type  I and  partly  type  III, 
while  that  for  18  May  1977  was  considered  to  be  type  I. 
The  distribution  on  13  May  1977,  in  particular,  could 
have  been  placed  with  some  justification  in  any  of  the 
three  categories. 


996 


KING.  BYRNE,  HERMAN  AND  REAGAN 


4.  Practic&i  coasidentioas 

Some  of  the  practical  difficulties  associaied  with 
obtaining  satisfactory  size  distribution  determinations 
from  inversion  of  attenuation  coefficients  as  a function 
of  wavelength  or  angular  scattering  intensities  as  a 
function  of  scattering  angle  have  ^n  discussed  by 
various  investigators  (e.g.,  Yamamoto  and  Tanaka, 
1969;  Dave,  1971).  Two  aspects  of  the  remote  sensing 
determination  of  aerosol  sice  disuibutions,  namely, 
the  radii  limits  of  ma.Timum  sensitivity  artd  the  assum^ 
index  of  refraction  of  the  atmospheric  aerosol  particle^ 
are  worth  reexamining  in  the  context  of  the  present 
investigation.  The  necessity  of  weighting  the  kernel 
by  a modifying  function  h\r),  as  well  as  the  need  to 
s^e  the  Lagrange  multiplier  y according  to  the 
magnitude  of  one  of  the  elements  of  the  matrix  AJC~^k, 
has  been  discussed  previously. 

In  Section  3 it  was  pointed  out  that  the  radius  range 
of  the  atmospheric  particulates  which  contributes  the 
most  significantly  to  the  Mie  optical  depth  measure- 
ments is  itself  a function  of  the  aerosol  size  distribution 
to  be  determined.  In  order  to  see  why  this  should  be 
the  case,  consider  the  contribution  function  r(r,X) 
defined  as 
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Fio.  9.  Contribution  function  T(f.X)  as  a function  of  log  r and 
X for  (a)  the  aerosol  size  distribution  or  24  October  1975  (sec 
Tig.  5)  and  (b)  the  aerosol  size  distribution  of  20  N'ovember  1975 
(see  rig.  6). 
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With  this  definition , 


rj,(X)-  P ‘r(r,X)dlogr,  (16) 

J lo«  r, 

and  thus  the  integral  under  a curve  of  F(r,X)  vs  log, 
represents  the  regression  fit  to  the  measurement 
for  the  spectral  band  which  is  centered  at  -\.  The 
contribution  function  defined  here  is  similar  to  the 
probability  density  function  defined  by  Fraser  (1975). 
However  Fraser  uses  a unit  volume  particle  size 
distribution  based  on  dX  dr,  and  normalizes  the 
extinction  cross  section  by  the  resulting  auenuation 
coefficient. 

Fig.  9a  illustrates  the  contribution  function  r(r,X) 
as  a function  of  logr  for  the  columnar  aerosol  size 
distribution  of  24  October  1973  (i'*“2.23  case  of  Fig.  3) 
and  for  four  different  wavelengths  (0.4400,  0.6120, 
0.8717  and  1.0303  ^ml  on  this  day.  Fig.  9a  indicates 
that  the  radii  which  contribute  to  the  spectral  Mie 
optical  depth  measurements  on  24  October  1975  are 
restricted  to  lie  in  the  range  0.15  Mm<r<  j.O  Mtn.  With 
this  type  of  distribution  (i.e.,  type  II  where  ri/  increases 
with  wavelength),  it  generally  follows  that  the  radius 
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conputed  for  m aerotol  »ue  distribution  bnvuig  a combination 
of  June*  plus  Io(-normal  composites  and  a refrtetive  index  of 
)n«i  1 J4— (X00>.  llie  refractive  indices  assumed  in  the  inversions 
are  indicated  in  the  figure. 

range  for  which  there  is  signincant  contribution  to  the 
optical  depth  measurements  is  more  restricted  than 
for  other  distribution  t\-pes.  Attempting  to  perform 
an  inversion  for  radii  bt/ond  this  sensitive  region 
results  in  an  unstable,  highly  oscillatory  and  hence 
unphs-sical  solution.  .\s  a consequence,  some  trial  and 
error  is  usually  required  in  order  to  isolate  the  proper 
radius  interval.  Therefore,  for  a set  of  optical  depth 
measurements  over  a given  spectral  range,  it  does  not 
necessarily  follow  that  the  upper  and  lower  limits  for 
sensitivity  are  fi.\ed  as  implied  by  Yamamoto  and 
Tanaka  (1969)  but  instead  var>-,  depending  on  the 
form  of  the  unknown  size  distribution. 

.\s  an  e.xample  of  this,  a very  different  contribution 
function  is  obtained  for  the  more  typical  composite 
size  distributions  having  both  Junge-  and  log-normal 
type  components  (type  III).  Fig.  9b  illustrates  the 
contribution  function  for  the  size  distribution  of  20 
November  1975  (!'*«2.71  case  of  Fig.  6).  The  contri- 
bution function  in  the  radius  interv.'U  0.4  ^m<r<4.0 
iim  is  primarily  produced  by  the  log-normal  part  of 
the  aerosol  size  distribution  and  therefore  ^as  a form 
similar  (although  shifted  to  larger  radii'  ,.0  the  contri- 


bution function  of  Fig.  9a.  This  demonstrates  that  a 
distribution  with  a greater  abundance  of  large  particles 
can  have  the  benefit  of  extending  the  range  of  maximum 
sensitivity  to  somewhat  larger  radii  than  would  other- 
wise be  detectable  were  the  distribution  simply  Junge 
with  measurements  extending  only  to  Xwl.O  Mm.  The 
contribution  function  at  the  shorter  radii  is  due  pri- 
ma;ily  to  the  Junge  part  of  the  aerosol  size  distribution 
and  therefore  depends  on  both  the  effective  ■>*  value 
and  the  constant  of  the  Junge  distribution  at  these 
radii.  Since  the  inverted  aerosol  size  distributions  for 
20  November  1975  (and  in  fact  most  distributions  of 
type  III)  were  obtained  by  assuming  a minimum  radius 
of  0.1  mbs,  the  contribution  function  below  0.1  Mm 
represents  only  what  would  be  observed  were  the  slope 
of  the  Junge  part  of  the  size  distribution  extended  to 
smaUer  radii.  As  Fig.  9b  illustrates,  significant  contri- 
bution to  the  optical  depth  measurements  could  be 
produced  below  0.1  Mm  at  the  shorter  wavelengths. 
However,  an  integral  over  the  extended  radius  range 
of  T(r,\)  would  produce  a wavelength  dependence  of 
rjr(X)  which  no  longer  has  the  gentle  slope  with  well- 
developed  positive  curvature  that  is  observed.  This 
implies  that  the  aerosol  size  distribution  cannot 
continue  with  such  a large  slope  (v*)  for  radii  <0.1  Mm 
but  must  decrease  at  some  point  not  far  below  0.1  Mm. 
The  aerosol  size  distributions  of  type  III  are  therefore 
bimodal  with  the  radius  of  the  first  ma.ximum  being 
;$  0. 1 Mm,  but  with  the  specific  radius  being  undetectable 
with  spectral  attenuation  measurements  at  visible  and 
near-infrared  wavelengths. 

The  bimodal  size  distributions  of  type  III  are  not 
normally  as  difficult  to  invert  as  those  of  type  II  but 
they  do  have  certain  idiosyncrasies  of  their  own.  If 
inversions  are  attempted  using  an  upper  radius  which 
is  too  large  (or  occasionally  too  small),  instabilitir, 
develop  such  that  subsequent  iterations  oroduce  mere 
and  more  particles  at  the  larger  radii.  When  this 
occurs,  the  number  of  particles  ;n  the  region  between 
the  Junge  and  log-normal  parts  of  the  size  distribution 
are  typically  at  a minimum.  The  inversion  result 
within  this  intermediate  region  is  intrinsically  unstable 
if  the  number  densities  are  small  enough  so  that  little 
contribution  is  made  to  the  resultant  optical  depths. 
Both  instabilities  were  found  to  be  critically  dependent 
on  the  value  of  the  upper  radius  limit.  .A  radius  range 
of  0.1  Mm<r<4.0  Mm  is  normally  the  most  stable  for 
data  of  this  type  (when  inverting  with  mm  1.45— O.OOi). 
When  the  proper  radius  range  is  isola  ed,  all  cases 
having  different  initial  Junge  distribution  weighting 
functions,  as  well  as  all  iterations  within  each  case,  are 
stable  and  similar  as  seen  upon  e.xamination  of  Fig.  6. 

The  sensitivity  of  the  inverted  size  distribution 
to  index  of  refraction  has  been  treated  analy  tically 
by  Yamamoto  and  Tanaka  (1969'.  Using  van  de  Hulst’s 
(195T'i  anomalous  diffraction  theory,  Yamamoto  and 
Tanaka  showed  that  the  inverted  aerosol  size  distri- 
butions maintain  their  shape  under  various  indices  of 
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refraction  (shifting  slightly  in  both  ma(,iutude  and 
radius).  Representing  the  refractive  index  as  a comple.x 
number  m— n-^n'  and  extending  Yamamoto  and 
Tanaka’s  (1969)  results  to  a scale  of  d.V,  (f)/d  logr,  it 
can  be  shown  that 


In  this  expression  d.V,(r) /ilogr  represents  the  size 
distribution  obtained  for  n-1.54  and  d.V,[0.54r,' 
(«~l)3/<f  logf  represents  the  size  distribution  obtained 
for  a different  real  refractive  index  n where  the  radius 
is  scaled  as  indicated.  [Within  the  limits  of  applicability 
of  the  anomalous  diffraciion  appro.ximation,  this 
e.xpression  is  strictly  applies  ile  when  « («— 1)  is  held 
fixed  for  both  inversions.] 

In  order  to  see  how  well  this  performs  for  refractive 
indices  between  1.45  and  1.54,  we  considered  an  aerosol 
size  distribution  consisting  of  a combination  of  Junge 
and  log-normal  components  for  radii  between  0.02  and 
10.0  nm.  Assuming  that  this  distribution  function  is 
applicable  for  1.54— O.OOi,  Mie  optical  depths  were 
then  computed  at  each  of  seven  wavelengths  between 
0.4400  and  1.0303  iim.  These  values  of  r.i/(X)  were 
used  without  the  addition  of  random  error  to  determine 
particle  size  distributions  by  the  method  described  in 
Section  2 for  m— 1.54— O.OOi,  1.45— O.OOi  and  1.45 
— 0.03i.  For  these  inversions  the  radii  limit‘d  differed 
from  that  of  the  true  distribution  as  described  by  the 
discussion  on  radius  sensitivity.  The  results  are  pre- 
sented in  Fig.  10  where  the  solid  curve  represents  the 
assumed  model  distribution  and  the  broken  curves  are 
the  results  of  computation  (inversion  ! for  the  refractive 
indices  indicated.  Ti,.  spectral  optical  depth  calcula- 
tions, although  not  e.xplicitly  illustrated,  e.xhibit  the 
characteristic  wavelength  dependence  expected  for  this 
type  of  size  distribution  (i.e.,  little  wavelength  depen- 
dence but  with  positive  curvature). 

It  can  be  seen  on  e.xamination  of  Fig.  10  that  the 
inversion  result  for  the  refractive  index  w*  1.54  — 0.00* 
agrees  very  well  with  the  model  distribution,  particu- 
larly for  r^0.16  Mm.  This  is  due  to  the  fact  that  the 
refractive  index  assumed  in  the  model  distribution 
when  generating  the  data  is  the  same  as  th<  used  in 
the  inversion.  The  deviation  which  does  occur  between 
the  true  and  computed  distribution  is  due  primarily 
to  truncating  the  lower  radius  assumed  in  the  inversion 
(in  this  case  r,»0.07  nm  and  r»»3,5  Mm).  Extension 
of  the  lower  radius  much  less  than  that  '.ised  in  this 
e.xample,  however,  would  lead  to  instabilities  in  the 
inversion. 

Fig.  10  suggests  that  the  inverted  size  distributions 
obtained  when  1.45  (for  r,-0.08  um,  r|«»4.00  urn) 
are  quite  similar  regardless  of  the  imaginary  part  of 
the  complex  refractive  index  i.at  least  when  <<0.03). 


It  is  similarly  apparent  that  the  shapes  of  the  size 
distributions  for  fi«1.45  and  n»1.54  are  similar  as 
suggested  by  Yamamoto  and  Tanaka  (1969).  The 
reduction  in  magnitude  and  the  shift  to  larger  radii 
which  does  occur  as  the  real  part  of  the  refractive  index 
decreases  is  in  essential  agreement  with  that  of  (17). 

Although  no  random  error  was  added  to  the  simu- 
lated measurements,  the  same  sec  of  data  was  used 
in  performing  inversions  with  all  three  refractive  indices. 
This  type  of  analysis  has  been  performed  for  several 
other  t)’pes  of  aerosol  size  distributions,  including 
Junge  and  log-normal,  and  the  results  indicate  that 
(17)  is  able  to  explain  the  major  differences  in  the 
inversion  for  all  three  refractive  indices  considered. 
.Additional  sensitivity  analysis  using  real  data  and  a 
wider  range  of  aerosol  refractive  indices  is  required  to 
fully  examine  the  problem  of  potential  refractive 
index  biases  in  the  retrieval  of  aerosol  size  distribution 
from  spectral  attenuation  measurements. 

The  effect  of  variations  of  the  refractive  index  with 
wavelength  and?  or  particle  size  has  not  been  considered 
in  the  present  investigation.  Although  these  effects 
are  not  e.xpected  to  be  significant  for  most  aerosol 
systems,  one  can  imagine  situations  in  which  these 
effects  can  be  large.  Gillespie  et  al.  (1978)  considered 
the  effects  of  an  atmospheric  aerosol  consisting  of  small 
particles  with  one  refractive  index  (m*«1.8— 0.5t)  and 
large  and  giant  particles  with  another  refractive  index 
tm*  1.5  — O-Oi).  They  computed  the  volume  extinction 
coefficient  at  three  wavelengths  between  0.55  and 
1.06  Mm  and  compared  the  results  with  those  of  a 
model  with  the  same  size  distribution  and  a single 
refractive  index  (w«  1.50—  0.005t).  Their  results 
indicate  that  the  difference  in  the  extinction  coefficient 
between  the  models  is  small  with  differences  of  15% 
at  0.55  Mm  and  only  2%  at  1.06  Mm.  This  effect  would 
alter  slightly  the  inverted  size  distribution  result  of  the 
large  aerosol  particles  (0.1<r<1.0  nm)  while  having 
little  effect  on  the  size  distribution  of  the  giant  particles 
(r>1.0  Mm).  For  a less  dramatic  difference  in  the 
particulate  refractive  index  with  size  range  the  differ- 
ences in  the  extinction  coefficient  (or  opucal  depth) 
computed  with  a mean  refractive  index  will  be  even 
further  reduced. 

5.  Summary  and  conclusions 

•An  inversion  solution  to  the  linear  svitem  of  equa- 
tions gw  Al  has  been  derived  which  e.xplicitly  considers 
the  magnitude  of  the  standard  deviations  in  a set  of 
measurements  g.  This  formula  [Eq.  (14)]  has  been 
applied  to  the  problem  of  determining  the  columnar 
aerosol  size  distribution  from  spectral  measurements  of 
the  particulate  (Mie)  optical  depth  in  the  wavelength 
region  0.4400  Mm$  \$  1.0303  Mm.  .An  iterative  method 
of  solution  is  described  whereby  an  estimate  of  the  size 
distnbution  is  included  in  the  elements  of  the  A matrix. 
With  this  procedure,  the  inve-ted  solution  vector  f 
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amounts  to  a modifying  function  to  the  assumed  form 
of  the  size  distribution. 

As  demonstrated  by  the  family  of  curves  in  the  right 
portion  of  Figs.  1,  3 and  6,  this  iterative  algorithm 
is  quite  capable  of  perturbing  the  jnitial  estimates  of 
the  size  distribution  as  required.  In  all  instances 
three  different  Junge  size  distributions  had  been  initially 
assumed  so  that  the  results  after  subsequent  iterations 
could  be  intercompared.  Tests  with  both  real  and 
generated  spectral  measurements  of  the  Mie  optical 
depth  indicate  that  this  method  of  solution  is  quite 
capable  of  inverting  a wide  variety  of  observation  t\*pes. 
The  only  difficulty  which  normally  arises  is  in  selecting 
the  radius  range  having  the  major  contribution  to  the 
measurements. 

The  subject  of  radii  limits  has  been  discussed  in  some 
detail  in  Section  4 where  it  was  shown  that  the  radii 
which  contribute  most  significantly  to  the  magnitude 
of  the  Mie  optical  depth  measurements  vary  somewhat 
with  the  type  of  the  size  distribution  to  be  retrieved. 
Satisfactory  size  distribution  determinations  can  norm- 
ally be  obtained  for  the  radii  range  O.lO  Mm<r<-!.0>im 
when  measurements  are  available  for  wavelengths 
throughout  the  visible  and  near-infrared  regions.  The 
greatest  difficulty  arises  when  the  size  distribution  is  a 
relatively  monodisperse  distribution  contained  in  a 
narrow  radius  interval  around  0.5  ^m.  Uncertainties 
in  the  comple.x  refractive  inde-t  have  been  found  to 
have  little  effect  on  the  spectral  attenuation  problem, 
particularly  with  regard  to  absorption,  as  illustrated 
by  the  family  of  curves  in  Fig.  10. 

Columnar  aerosol  size  distributions  have  been  deter- 
mined by  inversion  of  spectral  Mie  optical  depth 
measurements  for  57  days  in  Tucson,  Arizona.  TTie 
optical  depth  measurements  and  corresponding  aerosol 
size  distributions  are  illustrated  in  Figs.  1-8  for  a few 
of  these  days.  The  results  generally  indicate  (at  least 
for  r^O.l  Mm)  that  the  aerosol  size  distribution  on  a 
particular  day  can  be  represented  either  as  a Junge 
distribution  (type  I),  a relatively  monodisperse  distri- 
bution such  as  a log-normal  or  gamma  distribution 
(type  II),  or  as  a two-component  system  consisting  of 
a ccrabination  of  both  of  these  t>pes  (type  III). 

Type  I distributions  have  been  observed  on  20%  of 
the  days  e.xamined  thus  far  while  types  II  and  III  have 
been  observed  on  aportiximately  30  and  50%  of  the 
days,  respectively.  The  type  I distributions  occur 
mainly  in  the  fall  itnd  late  spring  in  Tucson  when  the 
optical  depths  are  the  largest  [r.v (0.6120’' wO.08]  and 
when  the  spectral  optical  depth  measurements  e.diibit 
linear  or  slightly  porit've  curvature  on  a logrjf  vs  Iog-\ 
scale  with  relatively  steep  slopes  (a»1.2).  Type  II 
distributions,  on  the  ether  hand,  occur  in  the  late  fall 
and  early  summer  shen  the  optical  depths  are  the 
lowest  [r.M (0.6120)  wO.03].  Under  these  circumstances 
rjiW  tends  generally  to  increase  with  wavelength 
(«•— 0,2)  while  e.xhibiting  negative  curvature  on  a 
logrv  vs  log\  scale.  The  size  distributions  of  type  III 


occur  throughout  the  winter  months  when  virtually 
no  distributions  of  types  I and  II  occur.  These  distri- 
butions occur  when  the  optical  depths  are  intermediate 
in  magnitude  [r.w  (0.61 20)  *0.05],  the  Angstrdm  slope 
a* 0.5,  and  the  logr.v  measurements  show  positive 
curvature  as  a function  of  log\  particularly  at  the  longer 
wavelengths.  Both  the  distributions  and  the  optical 
depths  of  this  type  appear  to  be  combinations  of  tvpes 
I and  II. 

Curcio  (1961)  found  that  the  majority  of  his  obser- 
vations of  attenuation  coefficient  along  a horizontal 
path  in  the  Chesapeake  Bay  area  could  best  be  deKribed 
as  resulting  from  a combination  of  type  I and  type  II 
distributions  (i.e.,  type  III).  He  also  determined  that 
larger  optical  depths  resulted  from  Junge- type  size 
distributions.  This  is  in  support  of  the  results  obtained 
in  the  present  investigation  for  vertical  attenuation  at 
a different  location.  Rarfgarajan  (1972)  investigated 
the  Angstrom  wavelength  e.vponent  for  520  observations 
at  Poona,  India.  His  results  are  in  agreement  with 
those  reported  here  i.n  that  the  lowest  (near  zero)  a 
values  occurred  on  occasions  of  lowest  turbidity. 
Rangarajan’s  (1972)  median  value  of  0.5  is  the  same 
as  our  type  III  distributions,  those  found  to  occur  the 
most  frequently. 
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ABSTRACT 

A statistical  technique  is  developed  for  infeninf  the  optimum  values  of  the  ground  albedo  and  the 
effective  imaginary  term  of  the  complex  refractive  index  of  atmospheric  particula-  s.  The  procedure 
compares  measurements  of  the  ratio  of  the  hemispheric  diffuse  to  directly  transmitted  sotar  ffux  density 
at  the  earth's  surface  with  radiative  transfer  computations  of  the  same  as  suggested  by  Herman  «t  of. 
(1975).  A detailed  study  is  presented  which  shows  the  extent  to  which  the  ratio  of  diffuse  to  direct  solar 
radiation  is  sensitive  to  many  of  the  radiative  transfer  parameters.  Results  indicate  that  the  optical 
depth  and  size  distribution  of  atmospheric  aerosol  particles  are  the  two  parameters  which  uniquely 
speciiy  the  radiation  field  to  the  point  where  ground  albedo  and  index  of  absorption  can  be  inferred. 
Varying  the  nal  cart  of  thr  complex  refractive  index  of  atmospheric  particulates  as  well  as  their  vertical 
distribution  is  found  to  have  a negligible  effect  on  the  diffuse-direct  ratio.  The  statistical  procedure  utilizes 
a vemi-analytic  gradie'<*  "nrch  method  from  least-squares  theory  and  includes  a detailed  error  znaiysis. 


1.  Introduction 

Within  the  past  decade  there  has  been  an  increasing 
concern  about  the  observed  decline  in  the  mean  tem- 
perature of  the  N'orthetn  Hemisphere  which  begain  in 
the  I940’s.  Because  this  decline  followed  a steady  rise 
in  mean  temperature  which  began  at  the  end  of  the 
last  centur)',  there  have  been  countless  attemp's  at 
e.*.piaining  this  behavior.  Brysen  (1968)  discusses  the 
various  factors  which  could  alter  the  basic  climate  of 
of  the  earth.  These  factors  have  included  a change  in 
sunspots,  an  increase  in  the  carbon  dioxide  content  of 
the  atmosphere  due  to  the  consumption  of  fossil  fuels, 
and  a change  in  the  properties  and  number  of  particu- 
lates in  the  atmosphere.  .All  of  these  factors  influence 
the  complicated  energy  budget  of  the  earth-atmosphere- 
ocean  system. 

Solid  and  liquid  particles  suspended  in  the  atmosphere 
aflect  climate  through  two  major  processes.  They 
directly  affect  the  transfer  of  radiant  energy  in  the  clear 
atmosphere  as  well  as  affecting  the  optical  and  micro- 
phvsicai  properties  of  clouds  (Twomey,  19i  \ Ml  -. 
.Ackerm'u  and  Baker,  1977).  The  first  of  these  processes 
will  be  considered  in  some  detail  in  this  series  of  articles. 

Tb*  first  successful  applications  of  radiative  transfer 
modi  V to  the  problem  of  actual  particles  in  the  atmo- 
sphere were  made  by  Ra",col  and  Schneider  (1971)  and 
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by  the  Office  of  Naval  Research  under  Grants  NOOO  14-75-C-0370 
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tion under  Grants  DES'5-  and  .^TM7i-V5551-.\01. 
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Yamamoto  and  Tanaka  (1972).  The  latter-named 
authors  have  computed  the  global  albedo  which  results 
as  particles  of  varying  values  of  the  imaginary  inde.x 
of  refraction  (inde.x  of  absorption)  are  introduced 
into  a model  atmosphere.  They  conclude  that  an  in- 
creasing turbidity  w-Hl  always  lead  to  an  enhanced 
global  albedo  (i.e.,  cooling)  if  t>  inde.x  of  ab  rion 
is  less  than  0.05. 

Since  Yamamoto  and  Tanaka  only  considered  sur- 
faces with  a ground  albedo  less  than  O.IS,  Wang  and 
Domoto  (1974)  and  Herman  and  Browning  (1975) 
extended  the  analysis  to  include  surfaces  with  greater 
reflection.  Both  sets  of  authors  found  that  hefting  can 
result  if  the  surface  reflectivity  exceeds  about  0.4, 
regardless  of  the  index  of  absorption  of  the  particulates. 
These  studies  address  a very  important  point,  that 
both  ground  albedo  and  index  of  absorption  are  im- 
portant in  assessing  the  effect  of  aerosol  particles  on  the 
earth  ana  its  atmosphere. 

It  has  been  suggested  in  a prelimi-'.aiy  study  by 
Herman  ef  al.  (1975)  that  the  ratio  of  th<  hemispheric 
diffuse  to  the  directly  transmitted  solar  flu.x  density 
at  the  earth’s  surface  be  used  as  an  indirect  means  of 
inferring  the  inde.x  of  absorption  of  the  atmospheric 
particulates.  Tb.e  diffuse  radiation  field  in  the  earth's 
atmosphere  at  the  shorter  wavelengths  (visible  and 
ultraviolet)  is  complicated  by  its  dependence  on  such 
things  as  the  vertical  distribution,  optical  depth,  size 
(isir.bution  and  index  of  retraction  of  the  efficienuy 
scattering  atmospheric  particulates  as  well  as  the  posi- 
tion of  the  sun  and  the  reflectivity  of  the  earth's  surt'ace 
In  order  to  apply  measurements  of  the  diffuse  ...uiation 
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Fic.  1.  The  ratio  of  the  transmitted  intensity  to  directly  tnuis- 
'mitted  solar  flux  density  for  and  for  four  values  of  the 

imaginary  part  of  the  complex  refractive  index. 


field  to  theoretical  calculations  of  the  same,  as  Herman 
el  al.  (1975)  have  suggested,  it  therefore  becomes 
necessary  to  establish  the  relative  importance  and 
sensitivity  of  the  radiation  field  to  all  of  the  radiative 
transfer  parameters. 

This  paper  considers  the  sensitivities  a^d  assump- 
tions ' orimaiy  importance  for  a successful  application 
of  theoretical  calculations  to  real  data  in  a real  atmo- 
sphere. It  will  be  demonstrated  that  the  ratio  of  the 
hemispheric  difftise  to  directly  transmitted  solar  flu-x 
density  at  the  earth's  surface  can  be  measured  as  a 
function  of  solar  zenith  angle  and,  with  certain  a priiri 
information  about  the  Mie  optical  depth  and  aerosol 
size  distribution,  compared  to  theoretical  calculations 
to  the  magnitude  of  both  the  ground  albedo  and 
the  index  of  absorption  of  atmospheric  partic^ilates. 
An  invereion  procedure  is  developed  which  makes  use 
of  the  laws  of  diffuse  reflection  and  t-mnsmission  togedier 
with  a gradient  search  method  from  least-squares 
theory.  Formulas  are  derive-  for  estinating  the  magni- 
tude of  the  errors  in  both  ground  albedo  and  the 
imaginary  index  of  refraction  of  the  particles. 

In  Part  II  of  this  series  (King,  1979)  measuremeuts 
of  the  diffuse-direct  ratio  which  have  been  collected 


in  Tucson  are  presented  and  discussed.  Data  for  days 
during  which  the  atmosphere  was  clear  and  stable 
arc  analyzed  and  the  optimum  values  of  the  ground 
albedo  and  index  of  absorption  of  a.inospheric  aerosol 
particles  are  presented. 

2.  Theoretical  sensitivity  of  the  diffuse  radiation 
field 

To  assess  the  sensitivity  of  the  diffuse  radiation  field 
to  the  many  radiative  transfer  parameters  mentioned 
above,  computations  were  made  for  364  model  atmo- 
spheres illuminated  from  above  by  the  sun  at  five 
s'‘'ar  zenith  angles.  The  method  used  to  calculate  the 
diffuse  radiation  field  is  described  by  Herman  and 
Browning  (1965).  This  solution  to  the  equation  of  radia- 
tive transfer  consists  of  a Gauss-Seidel  iteration  tech- 
nique and  many  numerical  integrations  over  optical 
depth  (r),  zenith  angle  (9=cos~‘  m)  and  azimuth  angle 
(^).  In  all  calculation.s  to  be  presented  below,  the 
bottom  boundary  of  the  atmosphere  is  assumed  to 
reflect  radiation  according  to  Lambert’s  law  with  some 
albedo  A.  The  computations  are  made  for  a plane- 
parallel,  vertically  inhomogeneous  atmosphere  with 
the  dust  vertically  distributed  according  to  Elterman 
(1968).  In  all  calculations  the  wavelength  of  incident 
illumination  is  X =0.5550  nm  which,  at  the  pressure 
level  of  Tucson,  has  a Rayleigh  (molecular)  optical 
depth  r«=0.0860.  The  phase  matrix  for  the  particles 
is  computed  from  Mie  theory  [see  van  de  Hulst  11957) 
for  details]  and  is  thus  a function  of  the  complex 
refractive  index  and  size  distribution  of  the  particulates, 
the  shape  having  been  assumed  spherical.  .Absorption 
by  atmospheric  ozone  is  neglected  in  all  computations 
for  reasons  discussed  below. 

The  aerosol  size  distribution  for  the  sensitivity  tests 
was  assumed  to  be  that  proposed  by  Junge  (1955), 
given  as 

„(r)=Cr-‘'*«',  (1) 

where  C and  y*  are  constants  and  nir)  is  tne  number 
der,sity  of  panicles  per  unit  inter  '.1  ot  radius  r All 
model  calculations  presented  below  are  for  Junge  dis- 
uibutiens  where  the  radius  r extends  from  0.01  to 
lO.Cl  fiiii. 

Fig.  1 illustrates  the  sensitivity  of  the  transmitted 
intensity  field  in  the  9=0“  and  180''  plane  (i.e..  the 
vertical  plane  containing  the  sum  to  the  imaginary 
term  * of  the  complex  refractive  index  of  the  aerosol 
particles.  The  refractive  index  m = n-<i  is  a complex 
number ; the  real  part  n is  the  ordinary  index  of  refrac- 
tion of  the  material,  while  the  imaginary  part  < deter- 
mines the  absorption  of  electromagnetic  radiation.  .All 
intensities  are  piotfed  relative  to  the  directly  trans- 
mitted solar  flr.r  density  at  the  earth’s  surface,  given 
b,  the  7.,ambert-Baer  law  as 

F = Fye~’‘‘‘*.  l2) 
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ftc.  2.  The  ratio  of  the  hemispheric  diffuse  to  directly  transmitted  solar  flux  density  as  a function  of  .nd»x  of 
absorption,  ground  alb^o  and  solar  zenith  angle. 


In  this  e.xpression  f o is  the  solar  flux  density  incident  on 
the  top  of  the  atmosphere  (r=0  level),  lu  the  cosine  of 
the  solar  zenith  angle  do,  and  ri  the  total  optical  depth 
of  the  atmosphere.  From  measurements  of  the  directly 
transmitted  solar  radiation  at  wavelengths  for  which 
absorption  due  to  molecular  species  other  than  ozone 
can  be  neglected,  it  is  pos'ible  to  determine  the  optical 
depth  r.ir  due  to  particulates  alone,  known  as  the  Mie 
optical  depth  (King  and  Byrne,  1976). 

Although  the  particular  model  atmosphere  illustrated 
in  Fig.  1 has  rv=*0  100,  f*»2.0,  A »0.20  and 

n«»l.54,  the  obvious  sensitivities  in  the  figure  are 
similar  for  all  other  model  atmospheres  investigated, 
models  which  had  values  of  .-1  from  0.05  to  0.30.  « from 
0.00  to  0.20,  rv  from  0.00  to  0.30  and  from  2.0  to 
4.0.  In  general,  the  solar  aureole  (the  strong  intensity 
region  in  the  vicinity  of  the  sun)  is  very  insensitive  to 
<,  being  primarily  produced  by  Fraunhofer  diffraction 
around  the  particles,  while  the  intensity  at  larger 
scattering  angles  shows  a marked  sensitivity  to 
absorption. 

Computations  of  the  intensity  field  similar  to  Fig.  1 
have  been  comp-ired  to  measurements  of  the  intensitv' 
by  Herman  et  „ 1971'  where  theoretical  calculations 

were  made  using  measured  values  for  tv  and  do,  while 
assumed  values  were  used  for  the  index  of  refraction. 
Junge  size  distribution  parameter  »*  and  ground  albedo. 
.Although  no  attempt  was  made  to  optimize  the  as- 
sumed values  of  x*.  A and  the  agreement  between 
measurement  and  theor.'  was  considered  quite  ac- 


ceptable, and  demonstrated  for  the  first  time  that  in- 
clusion of  aerosol  particles  into  a Rayleigh  atmosphere 
vdelds  better  agreement  between  observation  and 
theory.  It  is  possible,  however,  to  optimize  the  deter- 
mination of  the  index  of  refi  action  and  ground  albedo 
by  e.xii  mining  the  diffuse  radiation  field  as  a function  of 
solar  zenith  angle.  The  method  by  which  this  is  accom- 
plished is  presented  in  Section  4 
The  hemispheric  diffuse  flux  densities  at  the  earth’s 
surface  are  given  by 

f f (3) 

Jo  Jo 

where  the  +[-)  sign  refers  to  intensities  propagating 
in  the  upward  (downward)  direction  at  the  level  t,. 
If  the  down\.ard  hemispheric  diffuse  flux  density  is 
calculated  using  (3),  it  follows  that  F~{r,)  should  mono- 
lonically  decrease  as  « increases  since  the  intensity  field 
has  this  behavior  for  all  observation  angles  (m.^)  as 
seen  upon  examination  of  Fig.  1.  Fig.  2 presents  a 
family  of  curves  for  tiie  diffuse  flu.x  density  versus 
imaginary  index  of  refraction  < ^he'eafter  referred  to 
as  the  inde.x  of  absorption';  where  again  the  diffuse 
flu.x  density  is  plotted  relative  to  the  directly  trans- 
mitted solar  flux  density.  This  ratio, 

F,  '4' 

sho'i  s the  required  sensitivity  to  k as  well  as  sensitivities 
to  9,  and  .I.  Yamamoto  and  Tanaka  ' 1972)  investi- 


1004 


JOURNAL  OF  THE  ATMOSPHERIC  SCIENCES 


^ loesKccsi 

Fig.  3.  The  diffuse-direct  rtcio  m i function  of  solar  zenith  an;le 
for  TK—O.OS,  and  for  differ'  it  %-alues  of  <c  and  .\. 

gated  some  of  the  sensitivities  of  *,  including  its  de- 
pendence on  K and  and  came  to  the  same  conclusions 
for  the  sensitivity  of  ♦ to  absorption.  However,  Yama- 
moto and  Tanaka  made  no  attempt  to  investigate  this 
sensitivity  as  a potential  remote  sensing  means  of  in- 
ferring * and  .4  directly.  Herman  et  d.  (1975),  on  the 
other  hand,  show  curves  similar  to  Fig.  2 and  suggest 
using  the  sensitivity  of  <t>.  termed  the  diffuse-direct 
ratio,  tu  infer  the  index  of  absorption  of  the  atmospheric 
particulates. 

In  addition  to  the  obvious  instrumental  advantage 
of  making  a relative  (ratio)  measurement  in  lieu  of  an 
absolute  flu.x  density  measurement,  ±ere  is  a theoretical 
advantage  associated  with  formulating  the  ratio  of 
diffuse  to  direct  solar  flu-x  density.  Since  ozone  has  a 
very  broad  absorption  feature  extending  from  about 
0.4  to  0.9  *im,  known  as  the  Chappuis  continuum,  ozone 
must  be  considered  when  calculating  the  diffuse  radia- 
tion held  at  the  earth's  surface  having  wavelengths  in 
this  region.  Since  most  of  the  absorption  by  Os  occurs 
above  20  km  while  the  majority  of  scattering  by  mole- 
cules and  particles  is  conhned  to  heights  well  below 
20  km.  Os  serves  mainly  to  attenuate  the  direct  solar 
beam  before  the  radiation  can  interact  with  the  scatter- 
ing atmosphere.  It  is  e.xpected.  therefore,  that  Oi 
absorption  will  affect  the  diiluse  and  direct  flu.x  densi- 
ties by  nearly  the  same  fraction  such  that  the  diffuse- 


direct  ratio  will  be  largely  insensitive  to  absorption 
by  Oj.  Since  approximately  7.5%  of  the  total  ozone  con- 
tent of  the  earth’s  atmosphere  is  located  within  the 
troposphere  (Elterman,  1968),  however,  there  is  an 
imperfect  separation  with  height.  As  a direct  conse- 
quence of  the  presence  of  tropospheric  Oj  one  would 
expect  to  see  some  minor  sensitivity  to  Oj  absorption 
particularly  for  wavelengths  in  the  heart  of  the  Chap- 
puis band  (centered  near  0.6120  Mm).  This  subject  will 
further  be  addressed  in  part  II  of  this  series  (King, 
1979)  where  the  e.xperimental  results  are  presented. 

The  sensitivity  of  the  diffuse-direct  ratio  to  solar 
zenith  angle  and  ground  albedo  is  also  illustrated  in 
Fig.  2,  where  it  is  apparent  that  the  iiffect  which  a 
changing  solar  zenith  angle  has  on  i depends  upon  the 
values  of  z and  A.  For  small  indices  of  absorption  and 
large  values  of  surface  albedo  (e.g.,  *»0.01,  .4»0.30), 
♦ decreases  slightly  with  da  until  about  65°  after  which 
point  it  starts  to  increase.  For  smaller  values  of  the 
surface  reflectivity,  however,  ♦ increases  with  zenith 
angle  for  all  9o>45°,  regardless  of  the  index  of  absorp- 
tion. Fig.  3 e.xplicitly  illustrates  the  combined  effects 
of  K and  .4  on  the  zenith  angle  dependence  of  the  diffuse- 
direct  ratio  for  a model  atmosphere  havdng  rv"0.05 
and  »-*««2.0.  The  family  of  curves  for  a fixed  ground 
albedo  (top  portion  of  the  figure)  shows  that  the 
predominant  effect  of  the  index  of  absorption  is  to  alter 
the  mainitudt  of  I*  with  very  little  effect  on  its  func- 
tional relationship  with  respect  to  solar  zenith  angle. 
Ground  albedo,  on  the  other  hand,  affects  both  the 
magnitude  and  shape  of  ■!>  as  a function  of  ffi>.  This  is 
readiU'  seen  upon  examination  of  Fig.  3 for  the  family 
of  curves  having  a fixed  value  for  the  index  of  absorp- 
tion of  the  atmospheric  particulates  (bottom  portion  of 
the  figure).  This  suggests  that  a measurement  of  the 
diffuse-direct  ratio  versus  solar  zenith  angle  contains 
enough  information  to  determine  both  the  imaginary 
index  of  refraction  of  the  atmospheric  particulates  as 
well  as  the  reflectivity  of  the  earth's  surface,  given  a 
knowledge  of  the  aerosol  size  distribution  and  Mie 
optical  depth,  provided  a measurement  accuracy  on 
the  order  of  1%  can  be  achieved  The  instrumentation 
used  to  make  the  measurements  was  capable  of  this 
requirement  (King,  1979). 

lip  to  this  point  little  mention  has  been  made  of  the 
sensitivity  of  the  diffuse-direct  ratio  to  Mie  optical 
depth  and  aerosol  size  distribution.  This  is  because 
these  parameters  are  not  variables  to  be  determined 
from  the  diffuse  flux  density  measurements  but  are. 
instead,  input  parameters  to  be  determined  a priori. 
Since  an  error  in  either  r^.r  and  or  leads  to  errors 
in  the  determination  of « and  .4 . the  Mie  optical  depth 
and  aerosol  size  distribution  play  a ver>-  important  role 
in  the  successful  application  of  the  diffuse-direct  tech- 
nique to  real  data  in  a real  atmc'-here. 

Fig.  4 shows  ♦ OS  a functico  c.  ru  lor  t-’.o  refractive 
indices  and  three  Junge  size  distributions.  .As  the  Mie 
optical  depth  increases,  the  diffuse-direct  ratio  increases 
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for  aerosol  particles  having  a fixed  retractive  index  and 
size  distribution,  a feature  which  can  also  be  deduced 
from  the  results  of  Yamamoto  and  Tanaka  (1972).  It  is 
obvious  from  this  figure  that  any  uncertainty  in  m 
leads  to  an  uncertainty  in  the  determination  of  x 
(and  A),  even  if  the  aerosol  size  distribution  is  known. 
It  is  similarly  apparent  that  any  uncertainty  in  the 
aerosol  size  distribution  will  lead  to  incorrect  assess- 
ments of  the  value  for  x,  even  if  ^e  Mie  optical  depth 
is  known  with  a high  degree  of  accuracy.  In  general, 
neither  m nor  »(r)  are  known  precisely,  and  thus  they 
both  must  be  estimate  from  alternative  measurements. 

The  method  developed  for  obtaining  accurate  Mie 
optical  depth  measurements  (King  and  B>Tne,  1976) 
optimizes  the  determination  of  the  ozone  optical  depth, 
the  major  uncertainty  in  obtaining  r.v  from  measure- 
ments of  the  total  optical  depth.  By  making  use  of  the 
spectral  variation  of  Mie  opticd  depth  it  is  possible  to 
obtain  an  estimate  of  the  columnar  aerosol  size  dis- 
tribution N,(r),  defined  as  the  number  of  particles  per 
unit  area  per  unit  radius  interval  in  a vertical  column 
through  the  atmosphere  (King  ei  al.,  197S).  This  work 
further  demonstrates  that  the  mdex  of  refraction  has 
very’  little  eCect  on  the  size  distribution  determined 
from  spectral  attenuation  measurements  (at  least  for 
1.45 1.54  and  0.00$  x$ 0.03),  thus  allowing  a de- 
termination of  n,(r)  essentially  independent  of  x (and 
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Ftc.  i.  The  difiuM-oirect  ratio  as  a luQCtion  ol  Mie  optical  aepth 
:or  *♦« 55*.  .4  -0  30,  and  tor  different  < and  »*  values. 


Fro.  5.  The  diSuse-direct  ratio  as  a function  of  Junge  size 
distribution  parameter  »*  for  et-dS®,  .4-0.05,  and 

four  values  of  Che  complex  refractive  index. 

of  course  .4).  By  making  use  of  the  optical  depth  and 
size  distribution  of  the  atmospheric  particulates  thus 
obtained,  it  is  possible  to  make  explicit  radiative  trans- 
fer calculations  for  a particular  day  at  a given  wave- 
length similar  to  the  set  presented  in  Figs.  2 and  3. 
In  this  manner  errors  in  the  determination  of  « and  .4 
are  minimized  since  the  need  to  interpolate  in  wave- 
length, size  distribution  and  Mie  optical  depth  can 
thus  be  eliminated. 

The  sensitivity  of  the  diduse-direct  ratio  to  Jungf 
size  distribution  parameter  x*  is  also  illustratevi  in 
Fig.  4 where  it  is  apparent  that  the  enect  which  a 
changing  Junge  parameter  has  on  ♦ depends  upon  the 
value  of  X.  For  x-0.00,  ♦ decreases  monotonically  with 
r*  regardless  of  the  Mie  optical  depth  while  for  'arger 
values  of  the  index  of  absorption  >>  is  nonmonotonic 
in  V®,  having  'he  largest  value  for  v*  = 3 0.  Fig.  5 
e.xplicitly  iilustraies’<fr  as  a function  of  v*  for  four  values 
of  the  complex  refractive  index.  In  addition  to  the 
sensitivities  of  the  diffuse-direct  ratio  to  v*  just  men- 
tioned. the  same  sensitivities  are  evident  for  both 
real  indices  of  refraction  illustrated,  viz..  1.45  arid  1.54. 
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Tailk  1.  Vtlut«o{l(ri)  And  <(riji4),  at  *0.819  and  0.259  and  At 
X«i0.5550  Mfli,  for  a varirty  of  aunoapheric  modeb.* 


ra 

< 

»• 

*(»•) 

/(t„0.819) 

l(r„0.2S9) 

0.00 

0.07478 

0.04061 

0.03619 

0.05 

0.000 

2 

0.08788 

0.07852 

0.06012 

0.05 

0.000 

3 

0.09137 

0.07693 

0.05794 

0.05 

0.000 

4 

0.09608 

0.07380 

0.05604 

0.05 

0.025 

2 

0.07693 

0.U6658 

0.05190 

0.05 

0.025 

3 

0.08261 

0.06729 

0.05126 

0.05 

0.025 

4 

0.07408 

0.05114 

0.04053 

0.10 

0.000 

2 

0.09989 

0.11384 

0.07901 

0.10 

0.000 

3 

0.10643 

0.11065 

0.07514 

0.10 

0.000 

4 

0.11535 

0.10452 

0.07179 

0.10 

0.025 

2 

0.07863 

0.09026 

0.06327 

0.10 

0.025 

3 

0.08923 

0.09152 

0.06239 

0.10 

0.025 

4 

0.07357 

0.06035 

0.04313 

* .Ml  calculations  are  for  Junge  dbtributions  where  the  radius 
extends  from  0.01  to  10.01  mi». 


It  is  evident  from  this  figure,  as  well  as  from  computa- 
tions made  for  other  values  of  rv,  and  .4,  that  the 
effect  of  the  real  term  of  the  comple.x  refractive  inde.x 
on  the  magnitude  of  the  diffuse-direct  ratio  is  quite 
negligible  compared  to  the  much  greater  effect  of 
absorption.  According  to  Gebbie  et  al.  (1951),  Eiden 
(1966)  and  Hanel  (1968),  '•atural  haze  has  a real  re- 
fractive inde.x  Iving  somewhere  between  1.33  and  1.57 ; 
the  former  value  corresponds  to  that  of  water  droplets 
and  the  latter  value  to  several  salts,  sulfates  and 
silicates  arising  from  natural  and  man-made  sources. 
In  desert  regions  like  Tucson,  it  is  reasonable  to  e.cpect 
a to  lie  in  the  region  between  1.45  and  1.54  due  to  the 
sources  of  the  particulates  and  the  relatively  low 
humidity  of  the  atmosphere. 

The  main  significance  of  Fi^  5 is  to  illustrate  the 
relative  insensitivity  of  the  diffuse-direct  ratio  to  the 
real,  as  opposed  to  imaginary,  part  of  the  comple.x 
refractive  inde.x  of  the  suspended  atmospheric  particu- 
lates From  inversion  of  spectral  optical  depth  data  in 
order  to  infer  the  columnar  aerosol  size  distribution, 
King  ei  ai.  (.19731  have  suggested  that  scarcely  20*^  of 
all  da>-s  over  Tucson  have  aerosol  size  distributions 
which  can  be  adequately  described  as  Junge.  Most  days 
appear  to  have  a combination  of  a Junge  plus  a log- 
normal tNpe  of  distribution.  .Although  the  actual  size 
distribution  to  be  used  in  analyzing  the  diffuse-direct 
ratio  measure.ments  on  a particular  day  is  the  one  ob- 
tained by  inverting  the  spectral  Mie  optical  depth 
measurements.  Fig.  5 nevertheless  indicates  that  the 
diffuse-direct  technique  'S  largely  insensitive  to  the 
real  part  of  the  complex  refractive  inde.x.  regardless  of 
sue  distribution. 

Since  spectral  optical  depth  measurements  are  capable 
of  sensing  only  the  columnar  aerosol  size  distribution, 
a logical  concern  is  the  sensitivity  of  the  hemispheric 
diffuse  flu-x  density  to  the  vertical  distribution  of  ihe_ 
particles.  By  assuming  tnat  the  shape  of  the  size  dis- 
tribution is  height  independent,  Herman  and  Browning 


(1975)  performed  computations  of  the  reflected  flu.x 
density  out  of  the  top  of  an  atmosphere  having  an 
Elterman  (1968)  height  profile  for  the  particulate 
concentration  as  well  as  two  pertu'bed  Elterman  profiles 
simulating  pollution  conditions  under  an  inversion 
layer.  Their  results  indicate  that  the  total  Mie  optical 
depth  is  the  principal  factor  determining  the  diffuse 
flu.x  density  with  little  effect  attributed  to  the  vertical 
distribution.  Similar  computations  for  the  transmitted 
diffuse  flux  density  at  the  earth's  surface  indicate  that 
errors  less  than  0.75%  arise  if  r,v«0.10.  The  relative 
insensitivity  of  the  diffuse  direct  ratio  to  the  height  pro- 
file of  the  aerosol  particles  is  a fortunate  result  since 
obtaining  that  additional  information  would  require 
another  instrument  such  as  a monostatic  lidar  [see 
Spinhime  (1977)  for  details]. 

3.  Diffuse  reflecdon  and  transmission 

It  is  sometimes  convenient  to  e.xpress  the  diffusely 
reflected  light  at  the  top  of  the  atmosphere  and  the 
diffusely  transmitted  light  at  the  bottom  of  the  atmo- 
sphere in  terms  of  a reflection  function  5(r, , m,  ♦ ; mo.  0o) 
and  a transmission  function  T(ri ; m.  ^ ; mo,  0o)  In  terms 
of  these  functions,  the  reflected  and  transmitted  in- 
tensities from  a horizontally  homogeneous  atmosphere 
illuminated  from  above  by  a parallel  beam  of  radiation 
of  incident  flu.x  density  Fo  may  be  e.xpressed  in  the  forms 

/(O, +Mi^)“ — 5(ri;M,  ♦iMo,  <l>o),  (5) 

4^m 


/(xi,  — Mt^)“ r(ri;  M,  MO,  ^).  (fi) 

4tm 

Eqs.  (51  and  (6)  can  be  viewed  as  defining  the  functions 
5 and  T for  the  case  of  zero  ground  reflectivity.  The 
advantage  of  including  the  factor  of  1 m in  the  ex- 
pressions for  the  emerging  intensities  given  above  is 
that  the  reflecdon  and  transmission  functions  obey 
the  Helmhola  principle  of  reciprocity  as  discussed  in 
detail  by  Chandrasekhar  (I960). 

In  order  to  e.xamine  die  effect  which  a non-zero 
ground  refleedvity  has  on  the  downward  hemispheric 
diffuse  flux  density  F~{r,),  and  hence  on  ♦.  it  is  neces- 
sary to  consider  an  extension  of  (6)  to  iiiclude  not  only 
plane-parallel  illumination  from  above  the  atmosphere 
but  also  diffuse  radiation  from  below.  The  inward  in- 
tensity at  the  level  ri,  for  cases  when  the  surface  is 
assumed  to  reflect  radiation  according  to  Lambe."  i 
law  with  some  albedo  A,  is  given  bv  ^Chandrasekhar, 
19601 

for 

I{t,,  r(ri;  M,  Mo,  M 

4t.uL 

4.4  ^ r(ri.M)'] 

-i W*fl1^i(*i.Mo) ■ (') 

l-.4J(r,)  M -i 
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In  this  expression, 

*rJt  J» 


It  Jt 

1 /■*'  r‘ 


— f [ T{r,;ii,^-,it',^')dn'd^', 

4t;»  Jt 


I(t,)»2  f s(Tt^)dn, 

Jt 


YiCnrf*) 


(8) 


In  order  to  determine  it  is  necessary  to  evaluate 
the  downward  hemispheric  diffuse  flux  density  F~(t,) 
for  application  of  (4).  From  definitions,  it  follows  that 


^)ijdfjd^ 


It  Jt 

r 


Foj^f(rj,Mo)+ 


,4 


1— AJ(t,) 


Mtyi(r,^)S(T,)  . (9) 


Subs  ituting  (9)  into  (4)  and  recalling  the  definition  of 
F,  it  follows  that 


reflected  from  a spherical  atmosphere  to  the  total  radia- 
tion incident  from  a distant  source  when  the  surface 
albedo  A »0.00.  For  small  optical  depths  J(r,)  is 
proportional  to  ri  where  the  proportionality  constant 
is  a function  of  the  single  scattering  phase  function. 
Values  of  !(r,)  and  fir,,  mo),  for  mo“0.819  (do»35®)  and 
mo“0.259  (flo—TS")  and  for  X *0.5550  mui,  are  pre- 
sented in  Table  1 for  a variety  of  atmospheric  models. 
When  «*0.00,  J(n)  increases  monotonically  with  r,  to  a 
limiting  value  of  1.0  when  ri  -»  * . Since  the  slope  of 
4 as  a function  of  .4  is  approximately  equal  to  /ioS(r,) 
in  the  clear  atmosphere,  it  follows  that  the  slope 
decreases  with  increasing  zenith  angle  (due  to  mo)  and 
increases  with  increasing  Mie  optical  depth  fdue 
to  I(t,)].  The  first  of  these  sensitivities  can  readily  be 
seen  upon  examination  of  Figs.  2 and  3. 

For  the  case  in  which  polarization  is  included,  as  it 
has  been  in  the  radiative  transfer  computations  pre- 
sented above,  the  principle  of  reciprocity  is  complicated 
somewhat,  and  the  reflection  and  transmission  func- 
tions become  four- vectors.  Chandrasekhar  (1960) 
derives  a relationship  analogous  to  (7)  for  the  case  of 
scattering  according  to  a phase  matrix.  The  general 
conclusions  and  functional  relationships  derived  in  this 
section  remain  essentially  unaltered,  however,  so 
nothing  is  gained  by  the  increased  complexity  of  the 
mathematical  formulation. 


r 1 

♦ l(r,,Mo)H MoYi(t(,mo)  , (10) 

L l-/lJ(r.)  J 

which,  upon  rearranging  the  order  of  terms,  can  be 
shown  to  yield 

/(r,,Mo)e"''«-i-.4M«S(r.O 

* . (11) 

l-.45(r.) 

This  expression  for  the  diffuse-direct  ratio  gives  its  de- 
pendence explicitly  upon  ground  albedo,  solar  zenith 
angle  and  optical  depth  in  terms  of  the  reflection  and 
transmission  functions  for  zero  ground  reflectivity.  The 
dependence  of  ♦ on  the  index  of  refraction  and  size  dis- 
tribu.ion  of  the  atmospheric  particulates  is,  of  course, 
through  the  functions  I(r,Mio)  and  S(r,}.  These  functions 
may  be  determined  for  spccifii  values  of  < and  «,(r) 
through  solutions  of  the  transfer  equation  for  zero 
ground  reflectivity.  The  diffuse-direct  ratio  may  then 
be  determined  for  any  ground  albedo  through  applica- 
tion of  ('ll). 

For  a combination  of  optical  depth  and  ground  albedo 
such  that  .4Si'r,)«l,  it  follows  from  dl)  that  <P  is  very 
nearly  a linear  function  of  A with  an  intercept  of 
• (riMio)*'"'**  and  a slope  of  Mosir,).  This  result  will  he 
employed  in  the  next  section  so  that  the  lengthy  calcu- 
lations required  to  determine  3;, r,,;  may  be  avoided.  The 
fimction  3i'r,)  physically  represents  the  val-r  of  the 
spherical  albedo,  i.e.,  the  ratio  of  the  total  adiation 


4.  Determination  of  ground  albedo  and  index  of 
absorption 


The  reflection  and  transmission  functions  in  a plane- 
tary atmosphere  depend  on  the  size  distribution  and 
index  of  refraction  of  the  atmospheric  particulates  as 
well  as  the  optical  depth  and  solar  zenith  angle  explicitly 
indicated  (see  Table  1).  For  the  cases  in  which  the  Mie 
optical  dep  h and  aerosol  size  distribution  can  be  deter- 
mined, the  functions  l(T,.na)  and  3(r,)  depend  primarily 
on  solar  zenith  angle  and  index  of  absorption.  From 
(11)  it  therefore  follows  that  the  functional  form  of  the 
diffuse-direct  ratio  may  be  written  as 


<j(®o,x)+&(8oi*)^ 

<fr(9o,x,A)- , (12) 

l-c(*).4 

where 

a(9o,«)  *f(rijio)e''''*",  (13) 


6(tfo,«)  “MoSl'r,),  (14) 

c(*)*S(r,).  (ISl 


Since  t:()()N«l  for  Mie  optical  depths  at  least  as  large 
as  r.w*0.30,  a point  at  which  cik) *Siri)<0.14.  the 
observations  ' 4>  may  be  fitted  to  a straight  line  of  the 
form 

’!•'  do,*, -4)  * a (8.1,*)  8o,*  (.4  i 16 1 


in  order  to  determine  the  index  of  absorption  * and 
ground  albedo  .4. 

If  one  assumes  that  each  measurement  is  made  with 
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SoioecneES) 

Fic.  6.  The  diffuse-direct  ratio  versus  solar  zenith  angle  for  a model  atmosphere  having  rir"0.05 

and  »•  - 3.0. 


the  same  precision,  Bevington  ( I960)  shows  that  ma.ti- 
mizing  the  probability  that  observations  have  the 
functional  form  is  equivalent  to  minimizing 

the  statistic  x*  defined  as 

X»-  Z 

t 

- Z (17) 

I 

where  the  summation  extends  over  all  solar  zenith 
angles  9,  for  which  measurements  have  been  made  and 
calculations  performed. 

Minimizing  x’  as  defined  by  (17)  is  equivalent  to 
making  an  unweighted  least-squares  fit  to  the  data.  The 
minimum  value  of  x’  can  be  determired  by  setting  the 
partial  derivative  of  x’  with  resoect  to  each  of  the  coeffi- 
cients lit,.! ) equal  to  zero.  Th’  procedure  results  in  two 
simultaneous  equations 


m ■ 

-21 

«,A(.a,,*)  *0, 

(18) 

a.4 

t 

ax» 

rda(9,^)  aa(a„*)'i 

— — -m  . 

« 7 V 

€,  ^.4 -0, 

(19) 

Sk 

% 

La*  a*  J 

1 — ui  a,.*)  — 6ta,,*).4 . 

;20' 

Due  to  the  complicated  dependence  of  the  functions  a 
and  i on  «.  the  set  of  Eqs.  12'  and  il9'  is  nonlinear  in 


the  unknowns  < and  A.  .\s  a consequence,  no  analytic 
solution  for  the  coefficients  exists. 

By  combining  (20)  with  \IS),  it  immediately  follows 
that 

-4  - 6(ff.,*)C*.-at9,o«)l/i:  y-(9„K).  (21) 

I t 

For  any  arbitrary  value  of  e,  however,  x'  "dl  not 
necessarily  be  a minimum  since  dx'  dx  will  not  be 
identically  zero  as  re  , aired  by  (19).  ,\s  « is  varied,  the 
functions  a(d,,x)  anv  b(d,,K)  are  determined  from  the 
theoretical  set  of  computations,  from  which  .-1  and  x' 
can  be  computed  using  (21'  and  ilT',  respectively 
The  coefficient  * is  continuously  varied  until  a minimum 
value  of  x"  is  determined,  always  with  the  knowledge 
that  the  value  of  .4  computed  using  i21)  is  that  value 
of  .4  giving  the  minimum  value  of  x"  for  a given  k. 

In  order  to  see  how  this  procedure  works,  consider  the 
data  set  ui  F'g.  0 which  pertains  to  a model  atmosphere 
having  a Junge  distribution  of  the  aerosol  particles  w ith 
e*»3.0.  .All  "measurements"  of  the  diffuse-direct  ratio 
are  for  ^o*45'’iTO'^)75’  and  \»»0.5550  nm.  a wave- 
length for  which  rv-0050  and  rs^OOSo  in  this 
example.  Since  the  theoretical  4>(9n.*..l'  funttion  can 
be  well  appro.ximated  by  a linear  function  of  .4.  radia- 
tive transfer  computations  are  required  for  only  two 
ground  albedos  at  an\  given  index  of  .absorption  and 
solar  zenith  angle.  From  these  two  computauons.  the 
coefficients  u. 5n.»]  and  btdoj.'  may  readii\  be  cieter- 
mined  through  application  of  - 16'.  Due  to  tht  excessive 
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computer  time  required  to  ge:;erate  a set  of  calculations 
t(9a,Xyi4)  for  any  given  value  of  t and  9o,  it  is  desirable 
to  be  able  to  interpolate  in  « for  fixed  values  of  $o  and 
A and  in  0q  for  fixed  values  of  x and  ^4. 

Fig.  2.  illustrates  a data  set  of  <l>(5o,Xi..4)  for  values 
of  tf,-35'’(10'’)75*,  rif-O.lO  and  k*-2.0.  .-Vlthough 
curves  for  four  values  of  A are  illustrated,  it  is  now- 
obvious  that  this  is  redundant  since  computations 
at  two  values  of  A are  suflScient  to  predict  all  other 
value..  It  is  also  apparent  upon  examination  of  this 
figure  that  is  a smooth,  monotonically  de- 

creasing function  of  x for  fixed  values  of  0o  and  A,  a 
feature  readily  lending  itself  to  interpolation.  For  this 
purpose  a spline  under  tension  interpolation  has  been 
adopted  [see  Cline  (1974)  for  details]  and  thus  com- 
putations of  are  required  for  a finite  number 

of  X values  only  (usually  four).  It  is  similarly  necessary 
to  interpolate  a set  of  calculations  in  do 

because  measurements  are  normally  made  at  solar 
zenith  angles  9,  other  than  those  for  which  calculations 
are  performed.  Since  <t>(ffo,x^-i)  is  a smooth  function 
of  9o  for  fixed  values  of  * and  .4,  as  illustrated  in  Fig.  3, 
spline  under  tension  interpolation  has  been  used  where 
computations  are  made  for  a finite  number  of  values. 

.\fter  computing  the  diffuse-direct  ratio  at  four  values 
of  X,  two  values  of  .4,  and  every  10“  in  do  for  a range  of 
zenith  angles  surrounding  the  measurements  fat  least 
four  values  of  9,0,  it  is  reasonably  simple  to  compute 
X*  at  any  value  of  < and  A , making  use  of  spline  under 
tension  interpolation  in  * and  do  as  well  as  (17).  Fig.  7 
shows  such  a x‘  h\persurface  in  coefficient  space  for 
the  theoretically  generated  data  of  Fig.  6.  The  solid 
curves  indicate  the  points  of  constant  x'-  The  param- 
eters X and  .4  which  gi\  e the  best  fit  of  the  measurements 
to  the  nonlinear  function  't>i9o.*,-4)  are  determined  by 
the  location  of  the  minimum  value  of  x*  in  this  two- 
dimensional  space.  Searching  this  hypersurface  for  the 
parameters  which  minimize  x"  is  greatly  facilitated 
through  the  use  of  i,21)  since  this  e.xpression  gives 
analytically  the  value  of  .4  which  minimizes  x'  at  anv 
value  of  X.  The  albedo  values  given  by  i2T'  are  shown 
in  Fig.  7 as  a dashei  line  which  must  necessarily  pass 
through  ,he  absolute  minimum  of  the  function  x'- 

By  varying  * and  following  the  magnitude  of  x* 
along  the  path  of  lowest  value  of  x",  the  parameter  x 
may  be  found.  The  variation  of  x'  as  a function  of  < 
alony  the  rasfine  .dashed  line'  of  Fig.  7 is  illustrated 
in  Fi^.  3.  The  value  of  ^ at  which  x'  attains  a minimum 
is  -ound  to  be  0.0100,  an  inde.t  of  absorption  for  which 
'.ne  corresponding  value  of  .1  is  0.2(»  in  this  example 
It  may  readily  be  seen  upon  e.xamination  of  Fig  7 that 
these  values  for  the  paramete.-s  < and  .4  correspond  to 
the  absolute  minimu.n  of  the  x'  h\-persurface. 

In  any  real  e.xperiment  the  absolute  .minimum  value 
of  x"  wall  not  be  identically  zero  as  in  this  e.xample  due  to 
vanous  sources  of  error.  .After  having  determined  the 


Fio.  7.  x’  hypersurface  for  theoretically  generated  data  ol  F'g.  o. 


optimum  values  for  the  coefficients  x and  .4.  a best  fit 
set  of  1>{d,,x.A)  values  can  be  computed  using  do). 
The  solid  curve  in  Fig.  6 is  the  best  fit  to  the  data  where 
x = 0.0l00  and  .4  =0.201.  .Although  the  -tfect  of  random 
errors  in  the  ♦,  measurements  was  not  investigated 
using  theoretical  computations,  the  procedure  de- 
scribed above  has  been  applied  to  measurements  ob- 
tained at  The  l'niversit\  of  .Arizona  dunng  Ma>'  and 
June  1977,  The  results  of  this  experiment  and  a dis- 
cussion of  the  various  sources  and  magnitudes  of  error 
are  presented  by  King  .1979). 

Computations  similar  to  those  used  in  the  preceding 
example  have  been  performed  by  assuming  that  the 
real  part  of  the  complex  refractive  inde.x  of  the  aerosol 
particles  is  1.45,  rather  than  1.54,  In  this  way,  the 
theoretical  set  of  computations  ♦i9o,a..4)  was  altered 
while  the  "measurements’'  <t,  remained  the  same.  The 
results  of  the  inversion  algorithm  for  this  situation 
indicate  that  x'  attains  a minimum  vaiue  w hen  k = 0 iX)9q 
and  .4  =0  203.  This  strongli-  supports  the  conclusion 
made  previousiv  that  the  diffuse-direct  technique  is 
sensitive  primarily  to  the  index  of  absorption  and 
ground  albedo,  having  substantiaiU  ■■educed  sensitivit> 
to  the  real  par:  of  the  refractive  index  .af  atmospheric 
particulates. 

Having  determ, med  the  minimum  vaiue  of  x‘  .^"<4 
the  optimum  values  ot  the  regression  coeficients  \ and 
A.  Bevington  il9o9'  ihows  that  the  uncertainties  in 
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Fic.  S.  VarUtioa  of  x’  with  « along  the  gradient  search  path  of  Fig. 
7 showing  the  pronounced  minimum  which  occurs  at  <a0.0t. 


these  coefficients  are  related  to  the  curvature  matrix  a, 
whose  elements  are  given  by 


1 

ay*-- , 

2d?,a6* 


(22) 


where  i,  represents  the  coefficients  « and  .-I . The  covari- 
ances •i,*.  are  then  obtained  from  the  ( j,k)  elements  of 
the  matrix  through  the  e.xpression 

(-3> 

where  s'  is  the  sample  variance  for  the  tit.  given  by 
and  »-.V  — 2 is  the  number  of  degrees  of 
freedom  after  fitting  .V  data  points  with  2 parameters. 
The  diagonal  elements  of  (23^  thus  represent  the  vari- 
ances o.i'  and  <T.^.  The  elements  of  the  curvature  matrix 
and  the  method  of  computation  for  this  problem  are 
discussed  in  detail  by  King  (1977  V 
The  procedure  described  above  for  finding  the  coeffi- 
cients * and  .I  which  minimize  the  statistic  x' 
nearly  parallels  the  gradient  search  method  from 
nonlinear  least-squares  theory.  B>  incorporating  the 
analytical  e.xpression  for  .1  given  bv  21\  both  param- 
eters < and  .1  are  incrcnented  simultaneously  such 
that  the  resultant  direction  of  travel  in  parameter  space 
is  'long  the  gradient  of  This  method  of  solving  non- 
lir  ar  least-squares  problems  uhicn  are  nonlinear  in 


only  one  coefficient  has  been  developed  by  King  ana 
Byrne  (1976)  for  obtaining  the  total  atmospheric  ozone. 

S.  Summary 

A sutistical  technique  has  been  developed  for  in- 
ferring optimum  values  of  the  ground  albedo  and 
imaginary  index  of  refraction  of  atmospheric  aerosol 
particles  from  surface  measurements  of  the  downward 
hemispheric  diffuse  and  total  flux  densities.  This  method 
is  bas«l  on  a careful  consideration  of  the  sensitivities 
cl  the  diffuse  radiation  field  to  the  many  radiative 
transfer  parameters  and  represents  an  optimized  ex- 
tension of  the  diffuse-direct  technique  suggested  by 
Herman  el  al.  (1975).  The  statistical  algorithm  pre- 
sented in  this  paper  makes  i.  e of  the  laws  of  diffuse 
reflection  and  transmission  for  the  planetary  problem, 
i.:.,  the  situation  of  an  atmosphere  resting  on  solid 
ground  idealized  as  a surface  which  reflects  light  accord- 
ing to  Lambert’s  law.  ,\s  a consequence  of  this  formu- 
lation, the  ground  albedo  inferred  by  the  diffuse-direct 
technique  represents  a weighted  average  of  the  albedo 
over  the  entire  area  which  affects  the  transfer  of 
radiat'in.  simple  technique  is  given  for  estimating  the 
standard  deviations  of  the  solution  parameters  k (index 
of  absorption)  and  A (surface  albedo). 

.As  illustrated  by  the  family  of  curves  in  Figs.  2 and  3, 
the  ratio  of  the  diffuse  to  direct  solar  flux  densities 
decreases  with  in,  teasing  absorption  (x),  increases  with 
surface  reflectivity  (.4)  and  shows  very  little  change 
with  solar  zenith  angle  (9o).  Fig.  3 clearly  indicates, 
however,  that  the  shape  of  the  diffuse-direct  ratio  as 
a function  of  solar  zenith  angle  is  the  primarx'  factor 
which  determines  the  ground  albedo  while  the  magni- 
tude determines  the  index  of  absorption.  .As  a conse- 
quence of  this  sensitivity  to  surface  albedo  it  is  clearly 
desirable  to  obtain  data  on  days  during  the  spring  and 
summer  months  in  order  to  allow  a large  span  of  solar 
zenith  angles  to  be  examined.  In  Part  II  of  this  series 
(King,  1979)  the  results  of  such  an  e.xperiment  Mill 
be  described. 

.A  consideration  of  the  sensitivities  of  the  diffuse 
radiation  field  has  led  to  the  conclusion  that  several 
radiative  transfer  parameters  such  as  the  real  part  of 
the  particle  refractive  index,  total  ozone  content, 
vertical  distribution  of  the  atmospheric  particulates 
and  the  law  of  reflection  at  the  ground  have  very  little 
effect  on  the  diffuse-direct  ratio  at  the  ground.  Koepke 
and  Kriebel  (1973)  recently  examined  the  ettects  of 
measured  bidirectional  reflectance  characteristics  of 
tour  vegetated  surfaces  on  the  radiation  scattered  from 
a realistic  atmosphere  containing  molecules  and 
particles.  They  concluded  that  the  anisotropy  of  the  re- 
flection properties  has  negligible  infi  ence  on  the 
transmitted  intensity  field 

The  principal  assumeffons  upon  '.xhich  the  technique 
is  based  art  that  the  angular  distribution  A energy 
scattered  b>  .t  pol\dispers.cn  of  randouiy  oriented 
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particles  can  be  adequately  described  by  Mie  theory 
(applicable  to  spheres)  and  that  the  coefficients  < and  A 
wUch  best  describe  the  radiation  field  at  the  earth’s 
surface  can  be  determined  by  minimizing  the  statistic 
X*.  Although  the  suspended  atmospheric  particulates 
are  somewhat  irregular  in  shape,  it  is  the  purpose  here 
to  find  a consistent  set  of  parameters  which  are  able 
to  predict  accurately  the  scattered  radiation  field  in 
the  earth’s  atmosphere.  Since  the  assumption  of 
sphericity  is  not  totally  correct,  the  index  of  absorption 
and  ground  albedo  inferred  by  the  diSusc-direct  tech- 
nique may  not  be  representative  of  the  optical  proper- 
ties of  the  individual  particles  or  the  reflectivity  of  the 
earth’s  surface.  They  nevertheless  represent  a con- 
sistent set  of  parameters  which  are  able  to  predict 
accurately  the  scattered  radiation  field  in  the  earth’s 
atmosphere.  Mimmization  of  die  statistic  x’  is  a result 
of  the  principle  of  maximum  likelihood  and  forms  the 
basis  of  least-squarca  curve  fitting. 

Acknowledgments.  The  authors  are  grateful  tc  Dr. 
S.  Twomey  for  many  helpful  suggestions  and  thought- 
provoking  discussions  which  led  to  improvements  in 
this  e.xperiment.  Acknowledgment  is  made  to  the 
National  Center  for  Atmospheric  Research  for  the 
computing  time  used  in  the  early  stages  of  this  research. 
The  spline  under  tension  interpolation  algorithm  made 
available  by  the  Computing  Facility  was  invaluable 
in  this  work. 

REFERENCES 

Ackerman,  T.,  and  M.  B.  Baker,  1977 : Shortwave  radiative  effects 
ot  unactivated  aerosol  particles  in  clouds.  J.  Appi.  J/stror., 
16,63-69. 

Bevington,  P.  R.,  1969:  Data  Rtdtiction  and  Error  Analysis  for  tki 
Physical  Sciences.  McGraw-Hill,  336  pp. 

Bryson,  R.  A.,  1968 : .All  other  factors  being  constant . . . : A rec- 
onciliation of  several  theories  of  climate  change.  Weather- 
wist,  21.  36-61. 

ChandraMkhar,  S.,  1960:  Radiative  Transfer.  Dover,  393  pp. 
Cline,  .A.  K.,  1974:  Scalar-  and  planar-vdued  curve  fitting  using 
splines  under  tension.  Comm.  Assoc.  Comput.  liach.,  17, 
218-220. 

Eiden,  R..  1966 : The  elliptical  polarisation  of  light  scattered  by 
a volume  of  atmospheric  air.  .Ippi.  Opt.,  5,  569-575. 
Elterman,  L.,  1968.  UV,  Visible,  and  IR  attenuation  for  altitudes 
to  50  km,  1968.  Rep.  .AFCRL-68-0153,  Environ.  Res.  Pap. 
No.  285,  .Air  Force  Cambridge  Research  Laboratories,  49  pp. 


Gebbie,  H.  A.,  W.  R.  Harding,  C.  Hilsum,  A.  W.  Pryce  and  V. 
Roberts,  1951:  Atmosph^c  transmission  in  the  1 to  14  m 
region.  Proc.  Roy.  Soc.  London,  A206,  87-107. 

Hinei,  G.,  1968:  The  real  part  of  the  mean  complex  refractive 
index  and  the  mean  density  of  samples  of  atmospheric  aerosol 
particles.  Tdlus,  20,  371-379. 

Herman,  B.  M.,  and  S.  R.  Browning,  1965 : A numerical  solution 
to  the  equation  of  radiative  transfer.  J.  Atmos.  Sci.,  22, 
559-566. 

, and , 1975 : The  effect  of  aerosols  on  the  earth-atmo- 
sphere alb^o.  J.  Atmos.  Sci.,  32,  1430-1445. 

, and  R.  J.  Curran,  1971 : The  effect  of  atmospheric 

aerosols  on  scattered  sunlight.  J.  Atmos.  Sci.,  28,  419-428. 

, and  J.  J.  DeLuisi,  1975 : Determination  of  the  effective 

imaginary  term  of  the  complex  refractive  index  of  atmospheric 

''  dust  by  remote  sensingt  Ihe  diffuse-direct  radiation  method. 
/.  Atmos.  Sci.,  32,  918-925. 

Junge,  C.  E.,  1955:  The  size  distribution  and  aging  of  natural 
aerosols  m determined  from  electrical  and  optical  data  on 
the  atmosphere.  /.  ideteor.,  12,  13-25. 

King,  M.  D.,  1977 ; Determination  of  the  complex  refractive 
index  of  atmospheric  aerosols  by  the  diffuse-direct  technique : 
A statistical  procedure.  Ph.D.  dissertation,  Univenity  of 
Arizona,  147  pp. 

, 1979:  Determination  of  the  ground  albedo  and  the  index 

of  absorption  of  atmospheric  particulates  by  remote  sensing. 
Part  II:  Application.  J.  Atmos.  Sci.,  36  (in  press). 

, and  D.  M.  Byrne,  1976:  A method  lor  inferring  the  total 

ozone  content  from  the  spectral  variation  of  total  optical 
depth  obtained  with  a solar  radiometer.  /.  Atmos.  Sci.,  33, 
7242-2251. 

, , B.  M.  Herman  and  J.  A.  Reagan,  1978:  .Aerosol  size 

distributions  obtained  by  inversion  of  spectral  optical  depth 
measurements.  J.  Atmos.  Sci.,  35,  2153-2167. 

Koepke,  P.,  and  K.  T.  Kricbel,  1978 : Inffuence  of  measured  reffec- 
tion  properties  of  vegetated  surfaces  on  atmospheric  radiance 
and  its  polarization.  A ppi.  Opt.,  17,  260-264. 

Rasool,  S.  1,  and  S.  H.  S^neider,  1971:  Atmospheric  carbon 
dioxide  and  aerosols:  Effects  of  large  increases  on  global 
climate.  Science,  173,  138-141. 

Spinhime,  J.  D.,  1977 : Monitoring  of  tropospheric  aerosol  optical 
properties  by  laser  radar.  Ph.0.  dissertation.  University  of 
Arizona,  176  pp. 

Twomey,  S.,  1974:  Pollution  and  the  planetary  albedo.  Atmos. 
Environ.,  8.  1251-1256. 

. 1977.  The  inffuence  of  pollution  on  the  shortwave  albedo  of 

clouds.  J.  Atmes.  Sci.,  34,  1149-1152. 

van  de  Huist,  H.  C.,  1957 : Litht  Scatterini  by  Small  Particles. 
Wiley,  470  pp. 

Wang,  W.  C.,  and  G.  .A.  Domoto,  1974.  The  radiative  effect  of 
aetosols  in  the  earth's  atmosphere.  /.  .ippl.  Meteor.,  13, 
521-334. 

Yamamoto.  G.,  and  M.  Tanaka,  1972 : Increase  of  global  albedo 
due  to  air  pollution.  .7.  Atmos.  Sci.,  29,  1405-1412. 


1012 


Paper  123 

Reprinted  with  permission  from  Journal  of  Quantitative  Spectroscopy  and  Radiative  Transfer, 
22,  pp.  483-488,  copyright  1 979,  Pergamon  Press,  Ltd. 

TROPOSPHERIC  AEROSOLS;  EFFECTS  UPON 
THE  SURFACE  AND  SURFACE- ATMOSPHERE 
RADIATION  BUDGETS 
L A.  Konyukh  and  F.  B.  Yurevich 

Luikov  Hnt  uid  Mui  Tnniter  Initituu,  Bycionmian  Academy  of  Sciencei.  Minik,  220728,  U.S.S.R. 

R.  0.  Cess 

Laboratory  (or  Planetary  Armoipherei  Reacarch.  State  Univenity  of  New  York  at  Stony  Brook. 

Loot  Island.  NY  11794.  U S. A. 

and- 


HARSHVAaDHAN 

Meteorolofy  Profraffl,  University  of  Maryland,  College  Park.  MD  20742.  U.S.A. 

(Riceivtd  11  May  1979) 

Abrfnci— Employinf  a global  atmospheric  radiation  CKXlel  which  incorporates  troporpheric  aerosols,  it  is 
suBcsted  that:  (1)  tropospheric  aerotols  exert  a si(nihcantly  different  influence  upon  the  surface  radiation 
; 'iii|et  at  opposed  to  the  planetary  radiation  balance,  and  (2)  that  aerosol-induced  effects  upon  the  surface 
radiation  budget  are  ttron^y  dependent  upon  tolar  zenith  angle.  These  results  hdicate  that  extreme  caution 
should  be  exercised  when  interpreting  surface  radiation  measurements  for  localized  dust  events  in  terms  of 
aerosbl-induced  influences  upon  global  climate. 

1.  INTRODUCTION 

There  has  been  recent  concern  that  an  increase  tn  tropospheric  aerosols,  due  to  man's  activities, 
could  alter  the  radiation  balance  of  the  earth-atmosphere  system,  leading  to  global  climatic 
change.  Although  our  knowledge  of  the  radiation  properties  of  such  aerosols,  as  well  as  the 
manner  in  which  they  interact  with  the  climate  system,  is  meager,  most  model  results  suggest 
that  an  increase  in  tropospheric  aerosols  would  lead  to  global  cooling  (e.g.  Reck,'  Wang  and 
Domoto,’  Lee  and  Snell^).  Bryson  and  Dinbemer,*  in  fact,  have  suggested  that  global  cooling  by 
anthropogenic  aerosols  might  offset  the  predicted  global  wanning  resulting  from  incn'ised 
leve’s  of  carbon  dioxide. 

Recently,  however,  Idso  and  BrazeF  have  concluded  that  in  :r  easing  tropospheric  parti- 
culates should  lead  to  global  heating  and  thus  comolement  the  COrclimate  problem.  They  base 
this  conclusion  upon  studies  of  several  atmospheric  dust-loading  events  at  locations  within 
Arizona,  during  which  dust-induced  changes  in  both  the  net  solar  radiation  and  the  net  i.r. 
radiation  were  measured  at  the  ground.  These  measurements  indicated  that,  for  initial  increases 
in  tropospheric  dust  concentration,  there  was  a greater  reduction  in  net  surface  i.r.  radiation 
than  in  net  surface  solar  radiation.  Extrapolating  this  finding  to  a planetary  radiation  balance 
thus  led  Idso  and  Brazel  to  conclude  that  the  dominant  influence  due  to  increased  atmospheric 
particulates  was  an  enhanced  i.r.  atmospheric  opacity,  which  would  lead  'o  global  warming. 

But  changes  in  net  surface  radiation  do  not  necessarily  reflect  comparable  changes  in  the 
components  of  the  planetary  radiation  balance,  since  the  surface  energy  balance  additionally 
contains  a convective  component  In  that  the  presence  of  aerosols  will  alter  the  static  s..ibility 
of  the  troposphere,  then  the  convective  component  should  by  itself  be  dependent  upon 
tropospheric  aerosol  concentration.  A further  discussion  of  surface  vs  planetary  radiation 
budgets,  with  reference  to  the  COi-climate  proble..:,  is  given  by  .Manabe  and  Wethci-ald.*  An 
additic.^l  difficulty  lies  in  the  fact  that  the  observed  dust-loading  events  occurred  at  different 
times  of  the  day  and  during  different  months;  it  does  not  appear  that  the  solar  zenith  angle  for 
the  individual  dust  events  correctly  simulated  ar  appropriate  global  mean  value.  There  are,  of 
course,  numerous  other  caveats  concerning  local  surface  vs  planetary  radiation  budgets,  but  the 
above  two  appear  to  be  the  most  worrisome. 

In  view  of  the  above,  it  would  seem  useful  to  perform  a model  study  to  illustrate:  tl) 
pos.iible  differences  between  surface  and  planetary  radiation  budgets,  and  (21  the  influence  of 
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solar  zenith  angle  upon  the  surface  radiation  budget.  These  two  points  comprise  the  objectives 
of  the  present  paper. 


1 RADIATION  9UDGETS 

An  increase  in  tropospheric  aerosols  will  produce  two  effects  upon  the  earth's  radiation 
balance  which,  in  turn,  could  lead  to  an  alteration  of  the  global  climate.  One  effect  pertains  to  a 
change  in  solar  absorption  by  the  surface-atmosphere  system,  while  the  other  concerns  a 
change  in  the  outgoing  i.r.  flux  at  the  top  of  the  atmosphere.  To  illustrate  how  these  separate 
effects  can  influence  global  climate,  let  Q,  denote  solar  radiation  absorbed  by  the  surface- 
atmosphere  system,  while  Fo  is  the  corresponding  outgoing  i.r.  flux.  Furthermore,  it  will  be 
assumed  that  (S  - T,)  and  Fo  ” Fofr^,  T,),  where  T,  is  t.*".  |lobal  surface  temperature 

while  Tr»  denotes  the  aerosol  optical  depth  at  the  wavelength  A * 3.55  mi"-  In  the  following,  we 
will  employ  rm  as  a measure  of  the  tropospheric  aerosol  concentration;  the  dependence  of  (% 
and  Fo  upon  r,„  incorporates  the  two  previously  discussed  influences  upon  the  planetary 
radiation  balance.  The  dependences  upon'  T,  additionally  incorporate  temperature-dependent 
climate  feedback  mechanisms. 

Since  a planetary  radiation  balance  requires  that  * Fo,  it  readily  follows  that  the  response 
of  global  surface  temperature  to  a change  in  aerosol  concentration  can  be  expressed  by 

dT,  ^ 3QJdr,„  - dFj3r„,  ... 

dr,,,  dFoldT.-iQoldT,'  '' 

Stability  of  the  climate  system  requires  that 

dFaldT,-dQJ3T,>Q, 

as  cai  be  determined,  for  e.xample.  from  the  stability  analyses  of  Frederiksen^  and  Su  and 
Hsieh.'  Thus,  the  sign  of  the  quantity 

5o  ■ 3QaldT,„  - dFol 3t„,  (2) 

determines  whether  an  increase  in  tropospheric  aerosols  will  lead  to  global  cooling  (5o  <0)  or  to 
global  heating  (5o>0).  This  approach  is  analogous  to  Schneider's*  treatment  of  cloud  amount  as 
a climate  change  mechanism. 

In  their  observational  study  of  dust  events,  Idso  and  Brazel^  have  empirically  suggested  that 
a modest  increase  in  tropospheric  aerosols  should  lead  to  global  heaung.  But  they  arrive  at  this 
conclusion  by  considering  the  sign  of  a quantity  which  may  be  quite  different  than  St.  Their 
measurements  refer  to  a surface  radiation  budget,  such  that  they  are  dealing  with  the  surface 
counterpart  to  Eq.  (2) 


5,  - SQJBt,,,  - 3FJ3t,„,  (3) 

where  Q,  is  the  solar  radiation  absorbed  by  the  surface  and  F,  is  the  net  i.r.  radiation  at  the 
surface.  While  the  sign  of  S,  is  indicative  of  aerosol-induced  changes  in  the  surface  radiation 
budget,  this  dots  not  relate  to  changes  in  the  surface  energy  balance,  since  this  balance  is  given 
by 


Q.’^F.-H-LE.  (4) 

where  H and  LE  are,  respectively,  the  sensible  and  latent  heat  transports  from  the  surface. 
One  would  anticipate  thji:  these  quantities  would  also  be  influenced  by  a change  in  ty,,. 

For  the  purpose  of  illustratmg,  oy  means  of  a model  calculation,  possible  differences  between 
St  and  S„  we  employ  a particularly  simple  troposphenc  aerosol  model,  that  due  to  Peterson  and 
Weinman.'*  This  assumes  an  aerosol  composed  of  quartz  particles  having  the  size  distribution 

dNi')  [C 
dr  ”laro;r)--. 
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t>e:e  Sir)  ii  the  putkle  size  dentity,  r is  the  particle  radius,  rp*0.1  fim,  and  C is  arbitrary. 
The  vertical  distribution  of  aerosols  is  taken  to  be 

fV(z)-N{0)exp(-i/H.),  (6) 

where  N(z)  here  ;’cfers  to  the  total  concentratioi:  in  number  of  particles  per  unit  volume  at 
altitude  X,  with  H,  the  aerosol  scale  hei|hL 

The  motivation  for  employing  this  particular  aerosol  model  is  that  it  is  the  same  one  previously 
employed  by  Harshvardhan  and  Cess"  within  ->  ^obal  atmospheric  i.r.  radiation  model,  from 
which  we  find  that 


^ f-15Wm‘‘.  if.- 1km;  ^ 

l“8.9Wm'*,  H.-2km; 

dF,  f-2l.0Wm-'*,  H.-lkm;  ,,, 

dr„,  “ 1- 17 J W m-*,  H,  - 2 kn. 

These  results  are  for  cloud-free  conditions,  which  is  consistent  with  the  stu'^v  Sv  Idso  sod 
Brazel.’  The  range  for  H,  is  further  consistent  with  H.  - 1.2  km,  as  sugg.'st'C  y (.terman.'^ 
Note  in  particular  the  substantial  differences  between  dFJdryn  and  9FJs  in  order  to 

compare  model  estimates  of  do  and  d„  results  for  dQtldr^  and  ta  . 'sd.  and  this  is 

accomplished  in  the  following  section.  Again  restriction  will  be  made  to  cloud-free 
conditions. 


3.  SOLAR  RADIATION 

In  that  the  imaginary  refractive  index  of  quartz  i'  of  0(10'^  for  solar  wavelengths,  the 
present  aerosol  model  absorbs  essentially  no  sol»  .a.'<aticn.  Furthermore,  when  integrating 
over  the  solar  spectrum,  we  will  assume  no  aerosol  effeCit  for  A < 0.3  and  A v 0.9  ftm,  since 
ozone  absorbs  virtually  all  incident  solar  radiation  for  A < .'.3  m m.  where.‘>s  forA>0.9fini  there 
is  significan:  water  vapor  absorption  (Joseph'^,  ‘fhus,  since  the  model  aerosol  neither  atsorbs 
ncr  interacts  with  gaseous  absorbers,  then  dQtllr^»  dQJi-r^,  because  the  reductions  in 
surface-atmosphere  absorption  and  surface  absorption,  due  to  errosol  scattering,  are  the  same. 
It  further  follows  that 


riSitm 

-iSJ4) 


(doJdr^SJSoldA, 


(9) 


where  So  " 1360  W is  the  solar  consUnL  5*  's  spectral  counterpart,  and  oa  is  the  spectral 
albedo  of  the  earth-atmosphere  system. 

The  evaluadon  oi  d(^3rn>.  and  correspco^  ngiy  dQJdr^,  thus  reduces  to  evaluating 
To  accomplish  this,  may  be  expressed  a: 


- 1- 


OzMLift) 


(10) 


where  a.  is  the  surface  albedo  while  Ri,  denote*  ‘ft*  .tpectral  reflectivity  of  the  atmosphere. 
Furthermore,  letting  Rm  and  Rt^  represent,  respectiHl-/,  the  Rayleigh  and  aerosol  con- 
tributions to  Ri,  then 


Ri 


\-RkxRu 


(11) 


oince  the  ae.'osol  is  nc.nabsorbiog,  the  fact  that  Lhe  molecular  and  ?.erosoi  $ca'*ets  have 
different  vertical  distributions  produces  no  effect  upon  t'r  (11).  The  Ra/leigu  refie«.uvity,  R«a. 
applicable  to  global  mean  conditiens,  has  been  evaluated  employing  th<  scattering  fomtuiatiun 
due  to  Wang,'^  together  *.ith  the  Rayleigh  optical  depths  of  Psnndorf." 

To  evaluate  R,,,  we  employ  the  globd  mean  expression  applicable  fer  the  present  case  in 
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which  the  single  scattering  albedo  is  unity  (Wiscombe  and  Grams'*), 

(12) 

where  n is  the  aerosol  optical  depth  and  is  the  backscattered  fraction,  defined  as  (Wiscombe 
and  Grams'*) 

6*-^^*P*(9)«sin«de 

with  Pa(B)  denoting  the  scanering  phase  function.  Thus,  from  Eqs.  (11)  and  (12)  with  restriction 
to  R«a  ‘4 1 as  is  the  case  with  Eq.  (12),  it  follows  that 

(13) 

where  is  the  scattering  coefficient  Equations  (9),  (10),  and  (13)  thus  describe  dQol9r^  and. 
correspondingly,  dQJdr^,  for 

Both  vJ(T,nt  end  fix  have  been  evaluated  employing  Mie  scattering  theory,  the  numerical 
calculations  being  perforiued  on  the  BESM-6  computer  at  the  B.S.S.R.  Academy  of  Sciences. 
Figure  1 illustrates  the  wavelength  dependence  of  For  these  wavelengths,  bx  is 

essentially  constant,  with 

bx*0.27.  (14) 

The  present  tropospheric  aerosol  model  has  been  employed  to  assurr  consistency  with  the 
corresptmding  i.r.  calculations.  More  detailed  calculations,  employing  a slightly  different  aerosol 
model,  have  been  performed  by  Braslau  and  Oave'^  for  solar  wavelengths  only,  and  the  present 
results  are  quite  similar  to  theirs.  To  iUusoate  this.  Fig.  3 of  Wiscombe  and  C-.-ams'*  suggests 
that,  for  bx  given  by  Eq.  (14),  the  appropriate  mean  solar  zenith  angle  is  »<65*.  For  this  value, 
together  with  a,  *0.1,  we  obtain  from  the  Braslau-Dave  results 

SQtldr^  - -74  W m•^  dQJdr,„  - - 8?  W m'l 

The  difference  between  the  two  quantities  is  due  to  aerosol  interaction  with  solar  absorption  by 
atmospheric  gases,  but  this  effect  is  small.  From  the  present  study,  the  comparable  result 

- BQJdr,^  » -75  W m‘- 

is  obtained. 

4.  RESULTS  AND  DISCUSSION 

Values  for  both  8o  and  S„  as  defined,  respectively,  by  Eqs.  (2)  and  (3),  are  summarized  in 


TrapoiptMric  atrouii 


TaMal. 

“a 

O.IS 

0.20 

0.2S 

«o»a 

• 1 

km) 

-«S.I 

•SP.O 

•11.  S 

*a». 

■ 1 

k» 

-4«.S 

•».S 

•32.1 

■ 2 

lOi) 

-sa.T 

•11.0 

•44.0 

B.Oi. 

• 2 

ka) 

-SO.l 

-4S.0 

•30.3 

Tabic  1;  the  differences  between  do  and  S,  are  due.  within  the  present  modei,  to  the  differences 
between  dFJirn  and  3FJir^  [see  Eqs.  (7)  and  (8)].  As  can  be  seen  from  this  ubie,  there  is 
significant  diversity  between  do  and  S,  as  well  as  dependence  upon  surface  albedo  A recent 
estimate  suggests  that  a,  >0.15  on  a global  average  (Hummel  and  Reck'*),  while  Idso'* 
indicates  a range  of  values  from  a,  * 0. 14  to  0.30  as  appropriate  to  local  surfaces  in  areas  where 
dust-loading  events  have  been  observed.  Thus,  it  would  appear  that,  on  the  average,  the  local 
albedos  tend  to  exceed  the  global  value,  and  from  Table  1 this  effect  could  tend  to  amplify  the 
difference  between  a locally  observed  d,  and  the  applicable  global  do.  We  certainly  do  not 
contend  that  the  do  and  d,  values  of  Table  1 are  by  themselves  indicative  of  real  tropospheric 
aerosols:  we  employ  Table  1 solely  to  illustrate  possible  relative  differences  between  a local 
dust  'oading  d,  as  opposed  to  the  planetary  quantity,  do. 

As  discussed  in  the  Introduction,  a second  problem  associated  with  observations  of 
localized  dust  events,  in  contrast  to  global  average  conditions,  concerns  the  fact  that  different 
dust  events  will,  due  to  variations  in  the  times  of  their  occurrence,  correspond  to  different  local 
solar  zenith  angles.  To  illustrate  the  zenith-angle  dependence  of  d„  we  have  employed  the 
results  of  Braslau  and  Dave''  to  estimate  dQJt>r„  as  a function  of  solar  zenith  angle,  recalling 
the  equivalence  of  their  aerosol  model  with  oun.  These  results  are  summarized  in  Table  2 for 
a,  > 0.20,  from  which  d,  is  found  to  undergo  a sign  change  with  decreasing  solar  zenith  angle. 

The  primary  point  concerning  Tables  1 and  2 is  that  localized  dust  events  produce 
aerosol-induced  changes  in  solar  and  i.r.  radiation  at  the  surface  which  could  differ  subsuntially 
from  global  (>ianetary  changes.  For  example,  if  a localized  dust  event  corresponds  to  a,  * 0.20 
and  a zenith  angle  of  30*,  then  for  “ I km.  Table  2 gives  d,  - 3.9  W m'*,  which  differs  in  both 
sign  and  magnitude  from  the  corresponding  planetary  result  of  Table  1.  do  « -65. 1 W m'^  From 
this,  the  sole  conclusion  of  the  present  modei  study  is  simply  that  aerosol-induced  changes  in 
solar  and  i.r.  radiation,  applicable  to  a planetary  radiation  balance,  cannot  be  realistically 
inferred  from  measurements  which  pertain  to  changes,  during  a localized  dust-loading  event,  in 
the  surface  radiation  budget 


Table  I 


Solar  tanitdi  aa|le 

0* 

SO® 

00® 

4,{H,  • 1 kn) 

10.1 

s.» 

•34.0 

. 2 ka) 

0.0 

0.4 

-30.3 
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Adjacency  effects  on  imaging  by  surface  reflection  and 
atmospheric  scattering:  cross  radiance  to  zenith 


J.  Otterman  and  R.  S.  Fraser 


An  analytical  lolutiun  is  discusaad  for  tha  nadir  radianca  at  mtuurtd  from  a lattllita,  batad  on  a simplifiad 
singla-scattering  approximation  in  which  tha  scattarad  radiation  it  not  tubjact  to  axtinction.  In  the  ..c’-i- 
tion,  tarmt  can  be  identified  at  due  to  a reflection  from  the  vicinity  of  tha  object  pixel,  and.  rttpectively,  1 1 1 
upward  scattering  to  zenith  above  tha  object  pixel,  and  (2)  downward  tcattaring  from  the  entire  atmosphere 
to  the  object  pixel  The  Tirtt  term  is  referred  to  at  the  cross  radiance,  the  second  at  the  cross  irradiance. 
The  cross  radiance  is  proportional  to  the  forward  scattering  optical  thicitness.  as  defined,  and  the  cross  irra- 
diance to  the  bsckscattering  optical  thickness.  The  cross  radiance  usually  constitutes  tha  predominant  ef- 
fect. The  effect,  even  at  low  atmospheric  turbidity,  can  be  large  enough  to  constitute  a significant  fraction 
of  the  radian.'-e  registered  at  the  satellite,  thus  hampering  determination  of  spectral  signature  of  the  object 
pixel  or  identification  of  pixels  with  inherently  the  same  spectral  signature.  Explicit  expressions  and  com- 
puter sulutiun  i fur  'he  cross  radiance  from  annular  or  from  rectangular  reflecting  areas  are  presented.  The 
effect  depends  on  the  height  distribution  and  on  the  sharpness  of  the  forward  peak  of  the  scattering  parti- 
cles. 


I.  Introiiuction 

Adjacency  effects  are  well  known  in  photography, 
arising  in  the  development  processes  of  high-contrast 
scenes.  Because  developer  consumption  depends  on 
local  exposure,  concentration  of  the  developer  in  the 
middle  of  a highly  exposed  area  becomes  lower  than  at 
its  edge.  Unless  vigorous  mixing  is  resorted  to,  devel- 
opment proceeds  at  an  unequal  rate.  This  adjacency 
effect  spuriously  increases  the  contrast  at  the  edge. 
Some  diffraction  effects  on  imaging  by  .a  diffraction- 
limited  optical  system  can,  although  different  in  nature, 
be  regarded  as  adjacency  effects;  part  of  the  energy 
from  the  high  reflectivity  area  spills  over  to  the  ad- 
joining low  reflectivity  pixels,  increasing  their  apparent 
brightness.  What  is  common  in  these  diverse  phe- 
nomena is  that  they  become  more  acute  with  an  in- 
creasing contrast.  In  this  paper,  another  type  of  adja- 
cency effect  is  studied. 

A previous  paper*  presented  an  analysis  of  the  en- 
hancement in  the  global  irradiance  of  the  surface  and 
in  the  radiant  emittance  from  the  top  of  the  atmosphere 
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due  to  surface  reflection  and  subsequent  atmospheric 
scattering.  Here  the  effects  of  this  surface  reflection 
and  subsequent  scattering  on  the  radiance  measured 
from  a satellite  at  zenith  are  analyzed  as  adjacency  ef- 
fects: nauir  radiance  due  to  a reflection  over  one  area 
(the  source)  and  a subsequent  scattering  over  an  adja- 
cent area  (object  pixel)  is  studied. 

The  analysis  of  these  effects  is  oriented  toward  a 
specific  problem  area,  i.e.,  the  multispectral  radiometry 
by  computer  of  imagery  from  satellites  or  from  high 
altitude  aircraft.  In  multispectral  radiometry,  the 
surface  is  analyzed  by  assessing  the  reflectivity  of  in- 
dividual pixels  in  the  various  bands.  Conngurations 
of  pixels  are  not  recognized,  unlike  in  photointerpre- 
tation by  human  operators.  High  contrast  between  a 
small  group  of  pixels  A and  a surrounding  group  B 
simplifies  the  discrimination  of  A from  B.  It  will  be 
seen,  however,  that  such  a high  contrast  hinders  the 
identification  of  group  A with  another  group  A'  of  pix- 
els, which  have  the  same  inherent  reflectivities  as  A but 
are  part  of  a large  homogeneous  field. 

The  satellite-borne  radiometer  measures  the  nadir 
radiance  in  a field  of  view  that  covers  the  object  pixel 
on  the  surface.  The  signal  component  of  this  radiance, 
contributed  by  the  object  pixel,  is  given  by 

■ rC,  #xp(-<})/T.  Ill 

where  r is  the  object  pixel  reflectivity  (Lambert’s  law 
of  reflection  is  assumed),  Gt  is  the  total  (global)  surface 
irradiance,^  and  Q is  the  atmospheric  vertical  optical 
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r ig.  1.  The  g*om«try  of  surfact  rtflaction  and  tubaaquantscattarinf 
la)  Co  thaxamthand  (b)  tothaaurfaca.  Thraacomponanttof  radianct 
at  tha  tanith  aia  schareatically  indicated:  t i)  f. v.  rtflaction  from  tha 
object  pixel  lii)  L^,  radiance  scactertd  from  tha  direct  beam  and  (iii) 
L,^.  radiance  due  to  acatterini  from  reflection  in  tha  vicinity  of  tha 
object  pixel. 

thickness,  which  accounts  for  extinction  due  both  to 
scattering  and  absorption.  To  this  signal  component, 
the  scattering  by  the  atmosphere  adds  components  that 
do  not  depend  at  all  on  the  reflectivity  r [see  Eq.  (13)]. 
Inferring  of  r from  the  measured  radiance  is  thus  quite 
complex. 

Thematic  mapping  by  multispectral  radiometry  can 
be  successfully  conducted  without  determining  the 
actual  surface  reflectivities  by  resorting  to  an  approach 
known  as  the  extrapolation  mode.  In  an  extrapolation 
mode,  a known  field  is  pointed  out  to  the  computer,  and 
the  computer  seeks  out  and  prints  out  all  areas  with 
similar  satellite-measured  spectral  radiances.  Our  basic 
aim  is  to  identify  and  map  all  the  pixels  with  the  same 
spectral  reflectivities  as  that  of  the  sample  area  pre- 
sented to  the  computer  For  a successful  identification 
of  the  pixels  with  inherently  the  same  characteristics, 
the  measured  radiance  for  any  pixel  in  the  entire  frame 
should  be  a uniquely  determinate  function  of  r,  mono- 
tonically  increasing  with  r (with  a reasonable  slope'’). 
The  obvious  condition  is  that  the  atmosphere  be  hori- 
zontally homogeneous  in  the  frame.  To  what  extent  the 
radiance  is  not  a uniquely  determinate  function  of  r, 
even  for  a horizontally  homogeneous  atmosphere,  is 
discussed  here.  The  analysis  is  limited  to  cases  of  low 
optical  thickness. 

II.  Cross  Radiance  and  Cross  Irradlance 

The  radiance  measured  by  a satellite-borne  radiom- 
eter L„  in  addition  to  the  f ignal  component  L^r  [Eq.  ( Dj 
includes  two  other  comporienu:  the  radiance  scattered 
from  the  direct  beam  and  the  radiance  Lna.  which 
is  scattered  by  the  atmosphere  above  the  object  pixel 
from  the  radiation  field  reflected  by  terrain  in  the  vi- 
cinity isee  Fig.  1 ).  In  deriving  the  expressions  for  Lna 
and  Lna  - sn  approach  of  simplified  single-scattering  is 


used  in  which  the  scattered  photons  are  not  subject  to 
extinction.  Thus,  a photon  once  scattered  either  leaves 
through  the  top  of  the  atmosphere  or  strikes  the  sur- 
face.' 

Let  Q be  the  total  vertical  optical  thickness  (con- 
sisting of  Rayleigh  optical  thickness  R;  Mie  scattering 
optical  thickness  M;  and  W,  absorption  optical  thick- 
ness either  by  gaseous  components  or  aerosols),  and  let 
$0  be  the  solar  zenith  angle.  The  solar  irradiance  at  the 
top  of  the  atmosphere  is  mo  * cosdo  of  which  a fraction 
[1  - exp(-Q//uo)l  is  either  scattered  or  absorbed  from 
the  direct  beam;  therefore,  assuming  homogeneity  of 
composition  with  height,  a fraction  [I  - exp(-Q/Mo)j 
X R/Q  of  the  direct  beam  undergoes  Rayle:gh  scattering 
and  a fraction  (I  - exp(-Q/jio)|A//Q  undergoes  Mie 
scattering.  P/t(0)  and  P,w(<^)  are  Rayleigh  and  Mie 
scattering  phase  functions  (normalized  so  that  their 
integral  over  the  4t  solid  angle  is  one),  and  the  angle 
between  the  beam  and  the  direction  of  scattering  is  <i>. 
The  nadir  radiance  scattered  from  the  direct  beam  is 
thus 

Lna  - Mo(l  -•xpl-QWIlRPxIlSO*  -«o>  + .WP«(130* 

rJ) 

A more  complex  equation  is  obtained  when  extinction 
of  the  scattered  radiation  is  considered.  This  equation 
is 

MO  II  - txpl-ljd  ■)■  i«c<lo)|l  |/tPx(180*  - 9q)  ■)■  .VIPw ( 1 90«  - l)o) I 


This  equation  can  be  used  to  define  Lna-  Equation  (2a) 
is  definitely  more  accurate  than  Eq.  (2)  when  the  ex- 
tinction is  primarily  by  absorption,  but  the  simple  Eq. 
(2)  can  be  more  accurate  when  the  extinction  is  pri- 
marily by  scattering  with  a large  forward  peak.  In  the 
latter  case,  a large  fraction  of  extinct  photons  are  scat- 
tered through  only  a small  angle.  Such  scattering  can 
be  regarded  approximately  as  an  exchange  of  photons 
among  nearly  parallel  pencils  of  scattered  radiation. 

We  compute  tha  radiance  Lna  scattered  by  a vertical 
column  of  the  atmosphere  with  a pixel-size  cross  section, 
when  the  source  of  illumination  is  the  infinite  plane 
surrounding  the  column.  First  to  be  computed  is  the 
case  where  reflectivity  of  the  entire  plane  is  uniform. 

Throughout  the  paper.  Lambert’s  law  of  reflectivity 
IS  assumed.  The  reflectivity  is  denoted  a outside  the 
obiect  pixel.  This  reflectivity  generally  is  different  from 
the  reflectivity  of  the  object  pixel  r.  A general  reci- 
procity relation  exists  when  the  surface  reflectivity  and 
the  atmosphere  are  uniform,  the  radiation  reflected 
from  part  A of  the  plane  and  scattered  by  the  atmo- 
spher'  above  part  B of  the  plane  is  equal  to  the  radiation 
reflected  from  the  surface  in  B and  scattered  above  A. 
The  computation  of  Lna  is  then  equivalent  to  computing 
the  total  scattering  to  zenith  from  a radiation  field  of 
reflection  from  a small  pixel  with  a reflectivity  a.  Using 
the  simplified  single-scattering  approach,  we  can  write 
this  radiance  as 
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■ (aGt/rQ)  (1  - a*p(-Q/coaa)|  coa«(/f/’x(^) 

+ MPhi(*)]2t  atn^O.  (3) 

when  0 is  the  zenith  reflection  angle.  The  Rayleigh 
scattering  phase  function  in  our  normalization  is 

/>a(e)  - 3(1  + coa»a)/16ir.  (4) 

The  aerosol  scattering  phase  function  is  approximated 
as  follows: 


" |2  E o,(n,  + 1)  ccja''a  + E 3,im,  + l)  ct  t“'<» 
OSes  (t/2) 


/4ir 


“ E 3;(>n,  + U coa"'i#/4T  (5) 

/ 

(»/2)  S 0 S ». 

where  n,  and  nij  are  nonnegative  integers,  nij  are  even, 
and 


E Ol  + E ■ 1-  (6) 

■ ; 

In  this  paper  we  do  not  aim  at  series  expansions,  since 
the  required  number  of  a,  terms  for  a sharply  peaked 
phase  function  exceeds  a thousand.  Series  expansion 
of  phase  functions  for  various  size  distributions  and 
types  of  aerosols,  in  which  economy  in  the  number  of  a, 
terms  is  imposed,  will  be  the  subject  of  another  paper. 
For  the  purposes  of  this  paper,  we  indicate  that  two  a, 
terms,  with  nj  of  the  order  of  30ni,  already  provide  a 
reasonable  representation  to  a phase  function  that  is 
peaked  around  * 0 but  at  the  same  time  is  charac- 
terized by  appreciable  scattering  in  any  direction  (see 
Table  I).  Introducing  Eqs.  (4)  and  (5)  into  Eq.  (3),  we 
obtain 


aCt  /* 

— — I co»*il  - txp(-Q/co»*>| 
Ihr  a,(n,  + 1)  co*'’d  + E +•  U 
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where  the  functions  Cn(Q),  related  to  the  exponential 
integral,  are  given  by 


Xv/S 

(1  - »*i»<-Q/co»e)|  co»"e  tinede. 

It  should  be  noted  that,  in  Eq.  (7),  reflection  from  the 
entire  surface  is  derived.  Thus  when  Eq.  (7)  is  used  for 
a ^ r,  a negligible  area  of  the  object  pixel  is  tacitly  as- 
sumed. The  radiance  Ln  measured  at  the  satellite  is 

Z.I,  **  ^ (81 

The  surface  irradiance  Gt  appears  both  in  Lnr  and  Lna- 
The  simplified  single-scattering  approach*  leads  to  the 
equation  (valid  only  at  small  or  moderate  zenith  an- 
gles) 

„ «p(-QW  + (i-»»p(-<?Wl/ 

Q m ^ ^ • ( 10) 

l-2ofcCi«?) 

where  Ci(Q)  is  defined  by  Eq.  (8),  and /and  b,  respec- 
tively, denote  the  probability  of  scattering  into  the 
forxvard  and  backward  hemisphere  in  an  encounter  by 
a photon  with  the  atmosphere: 

/ - 1(1 +a)Af + R|/2Q,  (11) 

6 ■ 1(1  - a)M -t-R|/2Q,  (12) 

where 


a » E Ui 

defines  the  anisotropy  of  the  aerosol  scattering  [see  Eq. 
(5)].  Since  M -P  R and  the  absorbing  optical  thickness 
add  up  to  Q,  / + 6 will  be  equal  to  unity  only  if  there  is 
no  absorption: 
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uo(l  ~ «xp(-Q/m<i)1 


(13) 


where  the  last  term  is  L^d,  and  C,(Q)  is  written  C^. 
Examining  this  equation  for  a homogeneous  atmo- 
sphere, i.e.,  when  Q,R,M,  and  a are  constant  in  a frame, 
it  becomes  clear  that  the  irradiince  L„  is  not  a uniquely 
determinate  function  of  r,  since  it  depends  also  on  a,  the 
reflectivity  of  terrain  in  the  general  vicinity  of  the  object 
pixel.  For  the  purpose  of  an  order  of  magnitude  as- 
sessment, a simplified  version  of  Eq.  (13)  is  now  pre- 
sented. Noting  that,  for  Q « 1, 


(n  + 1)C,„(«)  a Q, 
we  can  write  Eq.  (TC*  as  follows; 
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The  reOectivity  o appears  twice  in  Eq.  (15).  The  term 
in  the  numerator,  u/Q,  describes  a reHection  from  out- 
side the  object  pixel  and  a subsequent  scattering  to  the 
satellite.  This  effect  can  be  call^  the  crou  radiance.* 
The  term  in  the  denominator,  2abQ,  describes  the  re- 
flection and  subsequent  scattering  downward  to  the 
object  pixel.  This  effect  can  be  called  the  cross  irra- 
diance.  Compared  with  the  more  accurate  Eq.  (13),  Eq. 
(15)  omita  powers  in  Q that  are  higher  than  the  first  (in 
the  terms  with  a).  We  can,  therefore,  restate  Eq.  (15) 
in  a more  convenient  form: 

L, -^(1  -g+2/Q+2o6<J)M 

X |#ip(-0/Mo)  + (I  - + L^-  U6) 

The  cross  radiance  afQ/r  and  the  cross  irradiance  2a5Q 
(both  effects  when  reflection  is  integrated  over  the  en- 
tire surface)  can  now  be  analyzed  in  terms  of  their 
functional  dependences  and  orders  of  magnitude.  Both 
terms  are  proportional  to  the  scattering  optical  thick- 
ness, the  first  to  the  forward  scattering  optical  thickness 
fQ  and  the  second  to  the  back  scattering  optical  thick- 
ness bQ.  Both  terms  are  proportional  to  the  reflectivity 
a.  but  the  first  term  is  divided  by  r,  i.e.,  it  is  proportioiud 
to  the  a/r  ratio.  Since  in  many  scenes  a/r  can  have 
values  of  two  or  three  in  some  of  the  spectral  bands  and 
for  aerosols  f is  higher  than  b (much  higher  in  the  case 
, of  large  particles),  the  cross-radiance  effects  in  most 
situations  are  higher  by  an  order  of  magnitude  or  more 
than  the  cross-irradiance  effects.^  For  a/r  of  three,  Q 
■ 0.2,  f ■ 0.75,  the  cross-radiance  term  is  0.45.  If  in  the 
same  example  a ” 0.2  and  b •>  0.25  (in  a case  of  a purely 
scattering  atmosphere  for  which  f + b • 1),  the  cross- 
radiance term  is  only  0.02.  The  a/r  ratio  will  generally 
differ  from  one  band  to  another.  It  is  quite  obvious  that 
the  spurious  radiance  will  be  typically  quite  different 
in  the  various  spectral  bands,  and  the  measured  band- 
to-band  reflectivity  ratios  can  be  sharply  altered.  The 
effect  thus  poses  a serious  handicap  to  thematic  map- 
ping. 


pencil  by  a thin  layer  in  the  atmosphere  is  now  consid- 
ered (see  Fig.  1 ).  Assuming  the  satellite  to  be  at  infin- 
ity, the  radiometer  field  of  view,  which  on  the  ground 
encompasses  the  object  pixel,  forms  a vertical  atmo- 
spheric column  with  a cross  section  equal  in  area  to  the 
object  pixel.  (The  satellite  might  not  be  exactly  above 
the  object  pixel,  but  still  the  direction  to  the  satellite 
defines  the  local  vertical  in  terms  of  this  discussion.) 
Such  unit  cross  section  at  a height  h presents  to  the 
source  a solid  angle  of  cos^/(h*  + y*),  where  y is  the 
distance  from  the  source  to  the  object  pixel.  Let  AAf 
denote  the  vertical  optical  thickness  of  the  scattering 
layer,  which  presents  to  the  reflected  pencil  an  optical 
thickness  AM/cos^.  In  the  discussion,  an  assumption 
is  made  that  both  the  unit  source  area  and  the  area  of 
the  object  pixel  are  infinitesimal  and  that  the  scattering 
volume  is  of  infmitesimal  thickness.  Extinction  of  the 
reflected  pencil,  on  the  inclined  path  below  the  AAf 
layer,  and  of  the  radiance  to  zenith,  on  the  vertical  path 
above  the  AAf  layer,  is  not  considered  now,  thus  al- 
lowing us  to  superimpose  scattering  of  di^erent  layers. 
From  these  statements,  it  follows  that  the  radiance 
ALuu(<^)  scattered  to  zenith  by  such  a AAf  layer  is 


“ oC,  - -r  v-l 

■ oC,  co«*eiAM)A.v(e)/»’^*.  U"' 

where  the  second  equality  follows,  since 

co»»e  - -f  ,v»).  (18) 


The  phase  function  Pv(^l  fot  Mie  scattering  is  rep- 
resented by  a number  of  integer  cosine  power  terms. 
Equation  (17)  is  restated  for  only  a single  term  of  the 
phase  function  l3M{m  + 1)  cos'"0/4ir; 


/aC,\  (w  -r  i)i3A.vr  / h‘‘ 

I *•  + y* 


(19) 


The  analysis  for  the  Rayleigh  scattering  is  along  iden- 
tical lines,  with  terms  m * 0 and  rn  ■ 2. 

The  optical  density  of  an  infinitesimal  layer  A,Vf  is 
given  as  an  arbitrary  vertical  profile  of  scatterers 


III.  Cross  Irradlancs  as  Response  to  Reflection  from 
a DHferential  Area 

In  quantifying  the  problem,  a was  defined  as  the  re- 
flectivity of  terrain  in  the  vicinity  of  the  object  pixel 
without  indicating  how  far  this  vicinity  extends.  The 
obvious  question  is:  over  what  area  should  a be  com- 
puted? ilie  reflectivity  of  pixels  further  removed  from 
the  object  pixel  should,  intuitively,  be  given  decreasing 
weight  both  in  the  cross-radiance  and  the  cross-irra- 
diance effects.  In  what  follows,  the  problem  is  solved 
for  the  predominant  term  of  the  cross  radiance. 

The  radiance  to  zenith  that  originates  by  scattering 
out  from  a pencil  of  radiation  reflected  from  a unit 
surface  area  (which  will  be  referred  to  as  a source  or  a 
source  pixel)  is  analv'zed  as  this  pencil  traverses  the 
atmosphere  in  a direction  0 measured  from  zenith). 
The  reflected  radiation  from  a unit  surface  area  is  aCt 
The  projected  area  into  direction  0 is  cos<S.  and.  there- 
fore. a radiation  pencil  into  a unit  solid  angle  in  this 
direction  is  aG,  ct«0/ir.  Scattering  to  zenith  out  of  this 


AAf(h)  - Flh/H)MSh/H.  (20) 

where  H denotes  a characteristic  height  of  vertical 
profile  of  the  scatterers*  (density  scale  height  in  the  case 
of  an  exponentially  decreasing  concentration).  Inte- 
grating over  the  vertical  column  of  the  scatterers.  we 
obtain  an  expression  of  Lnau,  an  entire  contribution  to 
the  nadir  radiance  over  the  object  pixel  from  a reflection 
over  a unit  source  at  a distance  y from  the  object  pixel. 
In  this  integration,  extinction  of  neither  the  reflected 
pencil  before  scattering  nor  of  the  scattered  radiance  is 
considered: 


a (7,  p*  (m -f  l)d.MF(h/W)  f y"*-- 
T Jo  Xirh^H 


iij 

ih 


This  expression,  L^au,  divided  by  G,,  can  be  regarded 
as  a response  of  the  nadir  radiance  to  an  irradiance  on 
a unit  source.  The  total  response  is  given  by  integrating 
Lr»ou(>  ) over  the  entire  ground  plane,  over  which  the 
reflectivity  a can  be  variable,  i.e.,  it  will  appear  within 
the  integral': 


14^  .n  ...v-  , r,  >— 
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Introducing  dimensionless  variables  of  height 

<r  - hlH  (23) 

and  of  horizontal  distance 

«-y/H  (20 

into  Eq.  (22),  where  is  given  by  Eq.  (21),  and  a is 
constant,  we  have 

aG,  r*  F(«)d«  ,..m  + t rl  *’  V"*’*'*dA 

/n’ 

(25) 

In  the  above,  extinction  is  not  considered.  From  Fig. 
1 one  can  note  that  the  path  of  the  cross  radiance,  i.e.. 
the  path  from  the  source  to  the  scattering  column  and 
then  to  zenith,  is  always  longer  than  a vertical  path 
length  through  the  atmosphere.  Thus,  whereas 
exp(-Q)  denotes  the  extinction  of  the  reflected  signal 
radiance  Lnr.  £-nau  should  be  corrected  for  extinction  by 
a term  exp(-gU)Q],  where g 2: 1. 

The  total  optical  thickness  gQ  along  the  path  of  the 
reflected  radiation  is  essentially  identical  to  a vertical 
passage  through  the  atmosphere,  when  the  reflection 
occurs  in  the  immediate  vicinity  of  the  object  pixel. 
Quite  obviously,  therefore,  when  * « 1 (i.e.,  y «H),g 
at  1.  In  Sec.  IV  we  discuss  L^a  for  one  or  more  geo- 
metrically thin,  noninfinitesimal  scattering  layers,  and, 
subsequently,  we  discuss  scatterers  distributed  with 
height,  applying  superposition.  In  both  of  these  sec- 
tions we  suggest  correction  for  extinction  by  exp(— Q), 
which  is  accurate  only  for  an  area  close  to  the  object 
pixel  * « 1. 

IV.  Cross  Irradiancs  tor  a Concentrated  Layer  of 
Scatterers 

In  this  section  we  analyze  the  cross  radiance  due  to 
a geometrically  thin  layer  of  scatterers  at  a height  H. 
F(it)  is  a Dirac  delta  function.  Superposition  of  infin- 
itesimal layers  is  applied,  since  extinction  of  both  the 
reflected  and  the  scattered  radiation  is  neglected.  Only 
after  su{)erposition  integrals  are  solved  do  we  discuss 
the  extinction  of  both  the  reflected  and  the  scattered 
radiation.  The  solution  can  be  used  either  on  a single 
layer  or  by  superimposing  the  effects  on  several  layers. 
For  one  layer,  the  concentration  of  scatterers  is  nil  [F{a) 
is  zero],  except  at  (t  • 1,  and  the  integral 


becomes  /(l,x*l.  The  cross  radiance  as  a fraction  of 
aG,/ir  is  denoted  by  l^o  Equation  (25)  becomes 

/„  - + U/4ir!(l  (26) 

For  forward  scattering  terms  we  would  have  2aM  in- 
stead of  3M.  This  equation  describes  the  cross  radi- 
ance contnbuted  by  an  area  A at  a distance  y away  from 
the  center  of  the  object  pixel  (for  example,  an  annular 
area  2iry.iy  “A).  The  term  3M  spells  out  the  optical 
thickness  associated  with  the  cos'"(S  phase  function. 


The  term  (m  l)/4»r  spells  out  a peaking  effect,  due  to 
an  enhanced  scattering  around  the  zero  scattering  angle. 
The  term 

describes  the  falloff  of  the  cross  radiance  with  the  dis- 
tance, and  it  can  be  readily  seen  that  the  more  pro- 
nounced the  peaking,  the  sharper  the  falloff.  Since  k 
• y/H,  for  a low  height  H of  the  scattering  layer,  the 
falloff  is  sharper.  And  finally,  the  effective  size  of  a 
source  area  is  measured  not  in  square  meters  but  in 
terms  of  A/H^,  i.e.,  in  the  dimensionless  units. 

For  an  annular  area  A/H*  • 2rydy//f*  “ 2itKdK,  the 
contribution  of  a source  area  extending  from  ,Vi  and 
further,  i.e.,  extending  from  to  infinity,  is  given  by 

• dWKm  l)/4»-l  J’  2ir«a  e 

- (dM/2)U  + »«)-"»*'''>  (27) 

Again,  for  forward  scattering  only  we  would  have  2o 
instead  of  /3- 

Consider  scattering  by  a concentrated  aerosol  layer 
at  H ■ 2 km,  with  the  forward  scattering  peak  charac- 
terized by  a term  with  m ■ 4(X)  and  a term  with  m * 8. 
It  can  be  readily  computed  from  Eq.  (27)  that,  for  m » 
400,  half  of  the  cross  radiance  effect  is  contributed  by 
a very  limited  area  within  a radius  of  only  118  m (»ci  * 
0.0588)  from  the  center  of  the  object  pixel.  F or  Landsat 
applications  this  range  of  113  m implies  that  half  of  the 
effect  originates  from  only  one  ring  of  8 pixels  around 
vhe  object  pixel.  On  the  other  hand,  where  m * S.  the 
half -effect  radius  extends  to  800  m (<i  “ 0.408),  i.e..  half 
of  the  effect  involves  10-12  rings  of  pixels  around  the 
object  pixel.  This  is  further  analyzed  in  the  fol- 
lowing. 

Consider  the  contribution  from  a source  area  in  the 
form  of  a rectangle  and  introduce  new  surface  Cartesian 
coordinates  z and  w,  with  an  origin  at  the  center  of  the 
object  pixel  and  the  directions  parallel  to  the  sides  of  the 
rectangle.  The  angle  ^ (see  Fig.  1)  is  defined  by  the 
height  H and  the  distance  from  the  center  of  the  object 
pixel  to  the  differential  source  area.  This  distance, 
previously  termed  as  y,  is  now  (z*  -)■  u>*)‘  -.  Thus,  in 
order  to  derive  a solution  in  terms  of  the  new  coordi- 
nates, it  suffices  to  introduce  fery^  in  Eq.  (26). 

The  differential  source  area  is  now  dxdw  or,  in  terms  of 
dimensionless  variables,  dxdv.  Thus,  for  an  arbitrary 
rectangular  source,  we  have 

■ JMl(m  l)/4rl  C dr  C (I  + 

(28> 

This  function  has  been  integrated  for  Landsat  dimen- 
sion pixels  (60  m X 80  m).  Results  from  each  pixel  in 
two  concentric  rings  around  the  object  pixel  are  pre- 
sented in  Fig.  2.  (Only  9 pixels  are  shown,  a corner  of 
the  array  of  25  pixels.)  For  -n  ■ 400,  the  fractional 
contribution  to  the  crou  radiance  from  each  pixel  in  the 
array  varies  from  1%  to  6%.  The  total  for  the  two  rings 
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Fig.  2.  R«Utiv«  contribution  (in  porcont)  of  two  rinp  of  LtndMt 
pi»U  (24  pilots)  to  the  cross  rtdiancs  ovtr  th#  object  pixsl.  for  m « 
400  (upper  numbers),  end  m ■ 8 (lov'er  numbers),  H “ 2(XK)  m. 


of  24  pixels  is  nearly  75°c.  (The  7.35%  that  results  from 
the  object  pixel  itself,  acting  as  a source,  does  not  con- 
tribute to  spurious  effects.)  There  is  a sharp  falloff 
from  the  ring  of  pixels  nearest  to  the  object  pixel  to  the 
second  ring.  For  m ■ 8,  the  contribution  from  each 
pixel  is  either  0-17%  or  0.16%  and  practically  dtjes  not 
vary  within  the  array. 

The  case  of  a rectangular  source  can  be  easily  ex- 
tended to  a semi-infinite  plane  with  reflectivity  o (with 
the  other  half  of  the  plane  nonreflecting).  The  limits 
for  X will  be  ± * . A simple  analytic  solution  exists  for 
these  limits.  We  have 


(w  • d.V/l(m  +■  l),'4irl  J'  df  x: 


m + 1 /-  • 
•3M 

4t  J., 


(m  + iv:. 


-dM- 


;X,' 


2T(fn  - ))!!  J-i  (1  + 


(29) 


The  term  3M/2  represents  the  solution  for  the  entire 
plane  with  a uniform  :eflectivity  and  can  be  regarded 
as  the  magnitude  of  the  effect  (see  Eq.  (27)  for  kj  -»  0(. 
Since 


tim  — U!!  '-*0  '.I  +■ 

at  I'l  * 0 the  cross  radiance  is  obviously  0.5  (diVf/2).  It 
will  be  noted  that  the  slope  (in  terms  of  fractional 
magnitude  vs  the  dimensionless  distance)  at  k;  ■ 0 is 
given  by  rn!!/Xr(m  - 1)!!.  The  functions  mWlirym  - 1)!!. 
plotted  in  Fig.  3.  and  a discontinuity  in  L,r  describe  how 
the  nadir  radiance  increases  crossing  from  a black 
half-plane  to  a reflecting  half-plane. 

Now  we  consider  extinction  of  the  reflected  pencil 
and  of  the  scattered  radiance — first  for  the  case  of  a 
single  concentrated  layer,  i.e..  superposition  at  the  same 
height  of  infinitely  many  infinitesimal  layers  with  op- 
tical thickness  dq.  The  probability  of  undergoing  one 


and  only  one  encounter,  for  photons  entering  the  layer 
at  an  angle  from  below  the  layer  (pencil  of  reflected 
radiation)  and  emerging  after  the  scattering  vertically 
upward,  is  given  by 


X.' 


Mp(-C/co»4)  •xp(-M+  (})dq/co»4 


•xp(-M)Il  - »xp(-M  i«c4  + M)1 

• I ' ■ “ f (31/ 

cote(*tc4  - 1) 

where  q denotes  the  optical  thickness  at  the  point  of  the 
scattering,  and  q > 0 denotes  the  optical  thickness  at  the 
bottom  of  the  layer.  We  approximate  this  expression 
by  M/cosd>.  The  superposition  integrals  for  a single 
concentrated  layer  are  then  corrected  for  extinction  by 
the  term  exp(-M),  which  is  also  the  extinction  term  for 
the  signal  radiance.  This  solution  is  very  simple,  but 
the  question  is  how  serious  is  the  error  in  the  approxi- 
mation. The  approximation  is  that  the  term  U “ 
exp(-Af(secd  - l)lt/Af(seci>  - 1)  is  taken  as  equal  to 
unity.  The  error  increases  with  increasing  <t>  and  M. 
For  « « 60®,  i.e.,  sec«  ■ 2 and  M ” 0.1  and  0.25,  the  term 
is,  respectively,  0.95  and  0.88.  Contributions  to  cross 
radiance  from  a ring  at  a distance  k ■ tan"'  60*  « 1.73 
are  overestimated,  at  most  by  5%  for  iVf  ■ 0.1  and  by 
12%  for  Af  * 0.25,  when  we  superimpose  infinitesimal 
layers  into  a concentrated  layer.  The  quafification  at 
most  needs  to  be  inserted,  since,  when  we  incorporate 
in  the  expression  such  an  extinction  by  scattering,  we 
lose  track  of  the  extinct  photons.  They  still  might  wind 
up  at  the  satellite  field  of  view  above  the  object  pixel, 
and  the  probability  of  it  is  high  if  f is  high. 

There  is  no  such  uncertainty  regarding  extinction  by 
absorption,  that  it  indeed  reduces  the  reflected  and 
scattered  radiation.  Absorption  is  included  in  the  qQ 
optical  thickness,  since  the  absorbing  optical  thickness 
VV  is  a component  of  Q.  However,  special  consideration 
should  be  given  to  situations  where  absorbers  are  not 
distributed  with  the  same  vertical  profile  as  the  scat- 
terers.  Absorbers  can  specifically  be  above  the  scat- 
terers  (as  in  the  case  of  ozone)  or,  in  a ground-hugging 
layer,  effectively  below  the  scatterers  (as  in  the  case  of 
water  vapor). 


Fi*..',  Thf  plotol  thf 'n’.'.M'n  - U".\xin.t)n$lop*o(L,,  inormalixed 
to  I at  infirnty I vx  tht  diminaionlesi  distance  *t  i boundarv  (setween 
rctW-tmi  and  b)ac)t  )ia)f-p)anet.  in  die  direction  perpendicular  to  the 
(xiundarv.  a caac  of  thin  layer  of  Katterm. 
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In  the  Tirst  case,  the  extinction  factor  by  absorption 
is  exp(-  (V),  i.e.,  the  j factor  is  1 and  is  independent  of 
K.  Thus,  the  absorption  affects  the  signal  and  the  cross 
radiance  in  the  same  way,  and,  in  relative  terms,  it  has 
no  effect  In  the  second  case,  the  extinction  factor  is 
exp(-IVo/cos0)  • exp(-VV(h*  + ■ 

exp(-lVo(l  + **)*^*I.  when  the  scatterers  are  concen- 
trate at  <r  ••  (h/H)  ” I,  and  H^o  denotes  the  absorbing 
optical  thickness  of  the  ground-hugging  layer.  Intro- 
ducing this  factor  into  Eq.  (27)  one  obtains. 

Lm  ■ SM{(m  + U/4) 

X tip(-lVoU  + (32) 


A source  at  « 60”,  i.e.,  at  x * 1.73,  is  reduced  through 
such  absorption  by  a factor  exp(-2lVo)/exp(-W'o)  ■ 
exp(- Wq)  as  compared  with  a source  in  the  immediate 
vicinity  of  the  object  pixel  x « 1.  Equation  (32)  can  be 
integrated  after  a change  of  variables  { ■ (1  + **)^/* 
through  integration  by  parts 

2 Jfi 

_ ^ l(-l>-»W'r*'£i(-)V|)fi)  ^ np(-lVoj,) 

’ 2 I (m+  D! 



*»o(m  + l)m.  (m+1-*) 

where  Ei  is  the  exponential  integral  of  order  one. 
Equation  (32a)  has  been  evaluated  for  three  values  of 
Wo.  m ■ 0,  2, 8,  and  400,  and  for  xi  * 0 and  <i  » 1.73. 
The  integration  indicates  that,  for  Wo  * 0.05,  Wq  « 
0.15,  and  m ■ 2:  (a>  the  total  L„a  over  the  entire  surface 
is  reduced  by  a factor  of  0.976  and  0.933,  respectively, 
as  compared  with  a case  of  absorption  with  the  same 
optical  thickness  but  above  the  scatterers;  and  (b)  the 
fraction  contributed  by  sources  extending  beyond  xi  » 
1.73  are  reduced  to  f).116  and  O.lOl,  respectively,  of  the 
Lna  *8  compared  vi-ith  a fraction  of  2“' ■ 0.125  of 
the  Lna  in  the  case  oi  no  absorption  [Eq.  (27)]  or  as 
compared  with  an  absorbing  layer  above  the  scatterers. 
Fuller  data  are  presented  in  Table  II.  It  can  be  seen 
from  these  data  that  just  multiplyirtg  Lna  by  exp(-  Wq) 
is  a completely  appropriate  treatment  for  m « 8 or 
higher,  while  for  a very  low  m.  more  detailed  analysis, 
based  on  Eq.  (32).  is  necessary. 

V.  Scatttrars  Exponentially  Decreasing  with  Height 
Assuming  that  the  scatterers  decrease  exponentially 
with  height,  i.e.,  F{k/H)  ■ exp{-h/H>  Eq.  (25)  be- 
comes 


■ J.WItm  + 1 ),'4r|  J'  txpt-ffIdiT 

X J l33) 

where  extinction  of  both  the  reflected  and  the  scattered 
radiation  is  not  considered,  and  x.  as  before,  denotes  the 
dimensionless  distance  from  the  center  of  the  object 
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m 

0 

2 

8 

400 

IVo-O 

0.500 

1.0 

0.125 

1.0 

0.00195 

1.0 

0.19X  10-‘» 
1.0 

Wo  - 0.05 

0.436 

0.870 

0.116 

0.976 

0.00185 

0.994 

0.18  X 10-‘* 
0.9999 

VPa  - 0.10 

0.397 

0.799 

0.108 

0.954 

0.00175 

0.988 

0.17  X 10->*> 
0.99975 

1 

P 

0.366 

0.745 

0.101 

0.933 

0.00165 

0.982 

0.17  X 10- ‘w 
0.9996 

The  upper  number  repneenu  the  relative  contribution  of  rer..;v-tion 
from  sources  farther  than  « ■ 1.73  (i.e.,  at  60*  and  hifher  from  the 
point  in  the  teatterinf  layer  above  the  object  pixel).  The  lower 
number  rcpresenta  the  reduction  of  the  total  crou  radiance  from  the 
entire  plane  aa  compared  with  the  case  of  an  absorption  IVo  above  the 
scatterers.  This  lower  number  when  multiplied  by  exp(-Wo)  rep- 
resents the  reduction  of  the  cross  radiance  as  compared  with  the  case 
of  no  absorption. 


Pi(.  4.  Contribution  to  the  cross  radiance  of  the  reflection  from  an 
infinite  annular  region  further  than  ti,  exponentially  distributed 
scatterers,  numerical  intsfration  of 
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pixel.  When  (dA/H'^)  • 2xxd«,  the  second  integral  of 
Eq.  (33)  becomes  easily  integrable.  We  integrate  the 
effect  from  a given  distance  «i  to  infinity: 


“ dAf((m  U/ev]  ^ 


f"*'  exp(-<rlao' 


X 


2r(ff*  * 


•xpi-ff) 


i33ai 


This  integral  has  been  evaluated  for  m * 0,  2. 8,  and  400 
and  for  0 < xi  < 2.0.  The  results  are  presented  in  Fig. 
4. 

It  can  be  seen  by  examining  Fig.  4 that  there  is  a vast 
difference  between  the  decrease  with  distance  of  the 
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high  exponent  terme  end  that  of  the  low  exponent 
terms.  For  m ■ 8,  the  contribution  from  outside  of  a 
circle  with  radius  equal  to  one-tenth  of  the  scale  height 
is  74%,  whereas  for  m ■ 400,  it  is  only  20%.  The  com- 
parable numbers  for  m ■ 2 and  m ■ 0 are  84%  and  92%, 
respectively.  In  terms  of  actual  distances,  the  differ- 
ences are  even  sharper.  Large  particle  aerosols  are 
likely  to  be  encountered  close  to  the  surface,  and  a 
representative  scale  height  can  be  2 km,  of  which  one- 
tenth  is  200  ra.  Beyond  this  distance,  the  contribution 
of  a sharp  scattering  peak  can  drop  to  only  20%.  On  the 
other  hand,  for  Rayleigh  scattering,  density  scale  height 
is  9300  m.  Thus  the  fractional  contribution  from  areas 
farther  than  930  m is  still  (3/4)92  + (1/4)84  * 90%  (in 
Rayleigh  scattering  3/4  is  isotropic,  m ~ 0,  and  1/4  ac- 
cording to  cos^0  relation).  But  in  reality  this  fraction 
will  be  substantially  smaller  when  extinction  is  con- 
sidered over  long  paths  from  the  source  areas  distant  to 
the  scattering  column  above  the  object  pixel. 

The  case  of  an  infinite  half-plane  is  now  given  by 


' 0M[(m  + U/4r) 
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The  results  are  plotted  in  Fig.  5. 


VI.  Asseaemant  of  the  Adjacency  Elfecta  for  Landsat 
MuHlspectral  Scanner  System  (MSS)  and  the 
Thematic  Mapper 

This  year  (1979)  marks  the  seventh  anniversary  of  the 
successful  and  continued  observation  of  the  earth 
through  the  multispectral  scatmer  system  (MSS),  which 
first  operated  on  Landsat  1 and  now  operates  on 
Landsat  2 and  3.  Analysis  of  the  data  provided  by  this 
four-spectral-band  radiometer  made  monitoring  of  re- 
newable earth  resources  practical  in  a number  of  disci- 
plines such  as  agriculture,  forestry,  hydrology,  and 
rangeland  studies.*-*  The  approach  of  multispectral 
radiometry  led  to  the  successful  computerization  of  data 
analysis  and  the  establishment  of  almost  routine  com- 
puter thematic  mapping  of  a few  crops  for  large  fields 
in  some  regions  of  the  U.SA^°  The  atmospheric  effects 
were  found  to  be  not  significantly  detrimental  to  the 
successful  multispectral  radiomet^  of  a Landsat  frame 
(i.e.,  a case  of  single-temporal  analysis),  even  when  a 
fairly  turbid  but  homogeneous  intervening  atmosphere 
was  artificially  introduced.^^  Thus  successful  radi- 
ometry of  the  surface  from  Landsat  <«  .ellites  is  clearly 
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Fi|.  5.  Th*  tadianc*  L^,  normalized  to  1 at  4-  infinity  va  tha  di- 
mtnaionlaaa  dittanca  parpandicular  to  a boundary  batwtan  a ra- 
flactint  half-plana  and  a black  half-plana;  tha  raflactlng  half-plana 
axtanda  from  r * 0 to  a-*;  axponantially  diatributad  acattarara;  nu- 
marical  intagration  of 
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indicated  for  relatively  large  areas,  for  which  the  veil  of 
the  scattered  atmospheric  radiance  can  be  assumed  to 
be  homogeneous. 

This  conclusion  does  not  necessarily  apply  to  small 
areas.  Thanks  to  the  rather  large  aperture  of  the  MSS, 
the  diffraction  problems,  even  for  a single  pixel  sur- 
rounded by  much  brighter  terrain,  are  quite  small.‘^ 
But  the  adjacency  effect  • as  discussed  here  can  be  quite 
significant  for  an  isolated  pixel  and  even  for  a group  of 
several  scores  of  Landsat-size  pixels.  To  demonstrate 
the  point,  Eq.  (27)  can  be  applied  or,  more  conveniently. 
Fig.  2 can  be  reexamined.  W e analyze  the  contribution 
to  cross  radiance  above  an  object  pixel  located  in  the 
center  of  the  array  of  25  pixels  shown  in  Fig.  2.  For  m 
» 4(X),  only  17.5%,  while  for  m ■ 8 some  96%  is  con- 
tributed from  outside  the  array.  If  we  computed  a 
representative  relative  spurious  signal  of  0.45,  a spurious 
signal  of  0.96  X 0.45  • 0.42  will  occur  when  m > 8 in  the 
center  of  a field  of  25  Landsat  pixels,  i.e.,  a field  300  m 
X 400  m.  Such  a field  constitutes  over  100  Thematic 
Mapper  pixels.  (Thematic  Mapper  is  a multispectral 
radiometer  planned  for  the  Landsat  program,  with 
ground  resolution  of  about  30  m). 

VII.  Conclutiotw 

A treatment  of  the  subject  of  surface  reilection  and 
subeequent  atmospheric  scattering  has  been  developed. 
Some  specific  conclusions  can  be  drawn. 

(1)  The  effects  are  amenable  to  analvtical  treatment 


for  low  optical  thicknei^  conditions.  The  parameters 
governing  these  effects  have  been  identified,  which  can 
lead  to  quantitative  auessment  of  the  effects. 

(2)  The  effects  can  euily  mask  the  true  spectral  sig- 
nature of  a group  of  pixels  (of  Landsat  or  Thematic 
Mapper  dimensions)  when  surrounded  by  terrain  of 
sharply  different  reflectivity  (for  example,  vegeUtion 
surrounded  by  bare  sandy  soil  or  any  surface  sur- 
rounded by  snow). 

(3)  The  effects  are  proportional  to  the  difference  in 
reflectivities  between  the  object  pixel  and  the  sur- 
rounding terrain  and  also  (for  a low  optical  thickness) 
to  the  optical  thickness  of  the  scatterers. 

(4)  An  increased  radiance  measured  above  the  object 
pixel  due  to  a reflection  from  the  vicinity  and  subse- 
quent upward  scattering  is  termed  here  cross  radiance. 
The  effect  accrues  only  from  the  vertical  column  of  the 
atmosphere  above  the  object  pixel  and  is  proportional 
to  the  forward  scattering  optical  thickness  /Q. 

(5)  The  ground  irradiance  increases  through  reflec- 
tion from  neighboring  terrain  and  subsequent  back- 
scattering  from  the  atmosphere.  This  backscattering 
accrues  from  the  entire  atmosphere.  This  effect,  called 
cross  irradiance,  also  induces  a spurious  signature,  i.e., 
affects  the  inferred  spectral  reflectivities  and  is  pro- 
portional to  the  backscattering  optical  thickness  bQ. 
The  effect  of  cross  irradiance  is  typically  smaller,  at  least 
by  an  order  of  magnitude,  than  the  effect  of  cross  radi- 
ance. However,  it  should  be  pointed  out  that  this 
conclusion  is  based  on  an  assumption  that  the  forward 
hemisphere  of  the  phase  function  does  not  contribute 
to  the  backscattering  of  the  reflected  radiation.  For  low 
angles  of  reflection,  this  assumption  is  definitely  in- 
correct. Indeed,  over  a highly  reflective  plain,  the  ho- 
rizon appears  sometimes  very  bright,  and  the  resulting 
croM  irradiance  is  considerably  higher  than  as  computed 
by  the  2ahCi{Q)  term.  A more  detailed  treatment  of 
cr,/SS  irradiance  including  its  angular  distribution  is 
being  prepared,'^  but  it  can  be  pointed  out  now  that  the 
effects  of  reflection  at  low  angles  depend  quite  strongly 
on  local  slopes,  on  the  aheence  or  presence  of  protrusions 
from  the  surface,  such  as  isolate  trees  or  houses,  and 
on  absorption  in  the  ground-hugging  layer. 

(6)  The  distance  over  which  a source  contributes 
significantly  to  the  cross-radiance  effect  depends  in- 
veruly  on  the  average  or  effective  height  of  ilie  scat- 
tering layer.  Indeed,  the  effects  of  a source  should  be 
formulated  and  analyzed  in  terms  of  a dimensionleu 
measure  of  distance,  i.e.,  in  terms  of  the  ratio  of  the 
horizontal  distance  from  the  object  pixel  to  the  height 
of  the  Katterers. 

(7)  The  distance  over  which  the  cross  radiance  ef- 
fectively accrues  depends  crucially  on  the  phase  func- 
tion of  the  scatterers.  The  sharper  the  forwardscat- 
tering peak  (which  is  characteristic  of  large  particles), 
the  stronger  nearby  effects  are.  The  contribution  of 
further  re^ons  bMomes  negligible.  For  Rayleigh 
scattering  in  the  absence  of  a strong  forward  pe^,  the 
sources  extend  over  large  distances.  Since  the  effect 
thus  accrues  over  a very  large  number  of  pixels,  it  is  a 
more  broadly  averaged  effect 


(8)  For  an  absorbing  atmosphere,  the  cross  radiance 
relative  to  the  signal  radiance  remains  the  same  if  the 
absorbing  layer  is  high  relative  to  the  scatterers.  When 
the  absorbing  layer  is  low,  the  nearby  effects  remain 
proportionally  the  tame,  but  there  is  a sharper  decrease 
for  distant  sources. 

(9)  Appropriate  computer  programs  could  be  devel- 
op^ to  eliminate  most  of  the  spurious  effects  on  the 
spectral  signatures.  However,  for  accuracy  and  rele- 
vancy of  such  correctioiu,  it  is  necessary  to  know  not 
only  the  aerosol  optical  thickness  but  the  height  of  the 
scatterers  and  their  phase  function.  This  information 
in  general  is  not  available,  and  methods  to  obtain  it 
should  be  studied. 

(10)  Other  spurious  effects  can  mz- 1 the  spectral 
signatures.  The  problem  of  inhomogeneities  in  the 
atmosphere  is  well  recognized.  A reflection  from  a 
bright  mountain  slope’s  contribution  enhances  the  ir- 
radiance in  the  plain  in  the  foothills  area,  which  can 
locally  be  a predominant  effect. 

Comments  by  an  Applied  Optics  reviewer  resulted 
in  revisions,  which  the  authors  believe  have  significantly 
improved  the  presentation,  and  suggested  direction  for 
some  future  work.  Computations  by  S.  Rehavi,  Y. 
Kaufman,  and  M.  Podolak,  all  of  Tel  Aviv  University, 
are  gratefully  acknowledged. 
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ABSTRACT 

From  the  depth  of  the  weter  vepor  tpectrei  lines  in  the  8-9  window  regtion,  messured  by  the 
Nimbus  4 tnfnrad  Interferometer  Spectrometer  (IRIS)  with  a resolution  of  about  j cm'',  the  precipitable 
water  vapor  w over  the  oceans  is  remotely  sensed.  In  addiuon  the  IRIS  spectral  data  in  the 
1 1- 13  window  repioo  have  been  used  to  dktive  the  sea  surface  temperature  (SST).  Seasonal  maps 
of  w on  the  oceans  deduced  from  the  spectral  data  reveal  the  dynamical  influence  of  the  large-scale 
atmospheric  circulation.  With  the  help  of  a model  for  the  vertical  distribution  of  water  vapor,  the 
configuration  of  the  atmospheric  boundary  layer  over  the  oceans  can  be  inferred  from  these  remotely 
sensed  w and  SST.  The  gross  seasonal  mean  structure  of  the  boundary  layer  inferred  in  this  fashion 
reveals  the  broad  areas  of  trade  wind  inversion  and  the  convretively  active  areas  such  as  the  ITCZ. 

The  derived  information  it  in  reasonable  agreement  with  some  observed  climatological  patterns 
over  the  oceans. 


1.  Introduction 

The  general  circulation  of  the  atmosphere  displays 
some  important  climatological  features  over  the 
oceans  such  as  the  subtropical  anticyclones  and  the 
intertropical  convergence  zones.  The  circulation  of 
the  subtropical  anticyclones  over  the  oceans  u.uends 
to  about  40*N  and  40*S  in  the  respective  hemi- 
spheres. The  equatorward  trade  winds  associated 
with  these  anticyclones  are  instrumentsd  in  trans- 
porting water  vapor  to  intertropical  convergence 
zones  and  ticreby  help  to  maintain  the  du'ectly 
driven  Hadley  circulation  in  the  tropics  (Riehi, 
1954;  Malkus,  1956).  A salient  feature  of  the  trade 
wind  circulation  in  the  lowest  layers  of  the  atmos- 
phere is  the  trade  wind  inversion  which  is  pro- 
duced as  a consequence  of  the  large-scale  dynamics 
of  the  subtropic^  anticyclones.  The  base  of  this 
inversion  is  found  to  slope  upward  along  the  down- 
stream iNE  to  SW  in  the  Northern  Hemisphere) 
in  response  to  the  joint  influence  of  small-scale  con- 
vective motions  and  large-scale  subsidence  (Malkus. 
1956;  Mak.  1976).  Upward  transport  of  water  vapor 
by  convective  motions  is  inhibited  by  the  trade  wind 
inversion  layen.  From  the  foregoing  discussion  we 
see  that  the  distribution  of  water  vapor  over  the 


' NAS/NRC  RtMarch  Attociut  on  Imv«  from  C.N.R.. 
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oceans  is  influenced  by  both  the  large-scale  and 
small-scale  motions  and  as  such  one  may  consider 
witer  vapor  as  a tracer  of  atmospheric  motions. 

Water  vapor  undergoes  changes  of  phase  in  the 
atmosphere,  its  source  is  essentiallv  at  the  surface, 
while  the  principal  sink  is  in  the  atmosphere  where 
it  condenses  and  precipitates  out.  Despite  these 
physical  and  dynamical  influences  on  water  vapor, 
the  mean  venical  profile  of  relative  humidity  in  the 
atmosphere  apparently  has  a simple  character.  Based 
onTelegadas  and  London’ s (1954)  climatology  of  the 
meridional  oistributionof relative  humidity,  .Vlanabe 
and  Wetherald  (1967)  have  modeled  the  vertical 
profile  of  relative  humidity  such  that  it  decreases 
from  a value  of  11%  at  the  surface  to  -40%  at  the 
500  mb  level. 

Such  a decrease  in  relative  humidity  is  in  good 
agreement  with  the  findings  of  a recent  study  by 
Nieman  (1977),  who  deiived  several  mean  relative 
humidity  profiles  on  a seasonal  basis  for  different 
latitude  belts,  from  1972  global  radiosonde  data. 
Further,  these  mean  relative  humidity  profiles  for 
different  latitude  zones  and  seasons  show  a linear 
decrease  with  height.  This  result  suggests  that 
“given  sufficient  time,  the  atmosphere  tends  to  re- 
store a certain  climatological  distribution  of  relative 
humidity  responding  to  change  of  temperature  ” 
(Manabe  and  Wetherald.  ’%7). 
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Over  the  oceans  there  are  two  important  phe- 
nomena which  can  produce  significant  departures  in 
the  relative  humidity  profile  from  its  mean  value. 
When  low-level  convergence  is  pre.nent  in  the  atmos- 
phere. a deep  convective  layer  with  above  average 
relative  humidity  is  formed.  On  the  other  hand,  if 
stable  conditions  prevail,  such  as  those  associated 
with  inversions,  the  relative  humidity  above  the 
invenion  is  significantly  less  than  the  mean  value. 
These  departures  in  the  relative  humidity  profile 
are  reflected  as  deviatiot«s  in  the  total  precipitable 
water  vapor  from  some  mean  value.  Such  deviations 
in  precipitable  water  vapor  will  be  appreciable  when 
the  relative  humidity  profile  is  perturbed  from  the 
mean  conditions  in  the  first  few  kil:''”.etsrs  above 
the  surface.  The  reasoning  given  above  constitutes 
the  basis  of  this  study  tc  infer  the  boundary-layer 
structure  over  the  oceans. 

The  precipitable  water  vapor  over  the  oceans 
needed  for  this  study  is  remotely  sensed  from  the 
spectral  measurements  made  by  the  Infrared 
Interferometer  Spectrometer  (IRIS)  that  was  flown 
on  Nimbus  4 satellite. 


WAVE  LENGTH  1 1,  m\ 

Fig.  1.  Nimbus  4 IRIS  brightness  temperature  spectrum  from 
ilOO  to  1300  cm*'.  The  symbols  P and  V denote  the  peaks 
and  valleys  in  the  spectrum. 


2.  Spectral  information  in  the  window  region 

The  Nimbus  4 IRIS  gathered  spectral  measure- 
ments from  400  cm"'  to  ~1400  cm"'  over  the  globe 
with  a spectral  resolution  of  2.8  cm"',  where  the 
noise  in  the  spectral  data  is  about  0.5  erg  cm"'  sr"‘ 
s"'  (Hami  et  al.,  1972).  In  a typical  brightness 
temperature  spectrum,  the  various  water  vapor 
bands,  i.e.,  the  rotation  band  around  20  and 
the  6.3  jam  vibration  rotation  band,  as  well  as  the 
window  regions  at  1 1 and  9 fim  show  some  spectral 
details  at  2.8  cm"'  resolution.  In  Fig.  I a part  of  the 
brightness  temperature  spectrum  from  1100  to  1300 
cm"'  is  shown  to  illustrate  these  spectral  details. 

The  sharp  maxima  (peaks)  and  minima  (valleys)  in 
the  figure  suggest  that  the  absorption  coefficient  of 
water  vapor  changes  significantly  in  narrow  spectral 
intervals.  This  implies  further  that  radiances, 
corresponding  to  the  brightness  temperature,  at  the 
peaks  and  valleys  in  the  spectrum,  arise  from 
significantly  different  altitudes  in  the  atmosphere. 

In  this  study  we  are  interested  in  examining  the 
information  pertaining  to  the  total  precipitable  water 
in  the  atmosphere,  the  bulk  of  which  is  contained  in 
the  first  few  kilometers  near  the  surface.  Hence  we 
have  considered  the  water  vapor  spectral  informa- 
tion in  the  window  regions  of  1 1- 13  ^m  and  8*9  ^m. 
These  window  regions  are  referred  to  as  the  1 1 and 
9 >im  regions,  respectively.  In  the  9 ^m  region  the 
continuum  absorption  due  to  self-broadening  effect 
is  weak  (Bignell.  ;970;  Burch.  1970),  while  the  lines 
are  strong  compared  to  the  11  /Am  region.  For  this 
reason  the  water  vapor  spectral  measurements  in  the 
9 /Am  window  region  are  used  to  deduce  the  pre- 


cipitable water  vapor  over  the  ocean.  We  will  de- 
velop this  scheme  using  radiative  transfer  theory. 

The  intensity  /,  measured  at  the  top  of  the  atmos- 
phere, at  wavenumber  v,  in  a nonscattering  atmos- 
phere in  local  thermodynamic  equilibrium,  is 
given  by 


= BJ,po)r^Po)  + 


B,(p)drjip),  (1) 


where  B,  is  the  Planck  intensity,  r,(p)  is  the  trans- 
mission of  the  atmosphere  from  any  given  pressure 
p to  the  top  of  the  atirosphere,  and  po  is  the  surface 
pressure.  The  emissivity  of  the  surface  is  assumed 
to  be  unity. 

When  we  apply  this  equation  to  the  spectral  data 
in  the  9 /Am  water  vapor  window  region,  the  first 
term  on  the  right-hand  side,  i.e.,  the  contribution 
from  the  surface,  is  essentially  governed  by  the  sur- 
face temperature  and  the  total  precipitable  water 
content  in  the  atmosphere.  The  second  term  ac- 
counts for  the  emission  from  the  whole  atmosphere, 
and  it  depends  on  the  manner  in  which  the  water 
vapor  and  temperature  are  distributed.  At  the  peaks 
in  the  9 /Am  region,  where  absorption  is  weak,  the 
contribution  from  the  second  term  is  much  smaller 
than  the  first.  Thus,  the  intensity  at  the  peaks  de- 
pends only  weakly  on  the  atmospheric  stratifica- 
tion. However,  in  the  valleys  of  the  spectrum,  where 
the  absorption  is  considerably  larger,  the  second 
term  in  the  equation  exceeds  the  first.  Taking  the 
difference  A/  between  the  mean  intensity  I,  at  the 
peaks  and  the  mean  intensity  in  the  valleys, 
we  obtain 
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Fig.  2.  Mean  relative  humidity  and  temperature  profiles  for 
tropics  and  midlatitudes  summer  and  winter  (from  Nieman. 
1977).  The  adopted  RH  profile  is  also  shown. 


function  of  the  mean  precipitable  water  vapor 
M>(r,)  in  a column  of  the  atmosphere. 

The  temperature  profiles  in  the  atmosphere  for  a 
given  T,  may  differ  from  such  mean  conditions. 
Also  the  relative  humidity  profile  could  differ  from 
the  climatological  mean  conditions.  In  such  a case 
the  line  strength  / departs  from  I by  an  amount 

A/  « f - / » g[T„r(p).RH'(p)].  (5) 

where  T'  and  RM'  are  deviations  from  the  mean 
conditions. 

The  surface  temperature  T,  can  be  independently 
determined  from  the  11  tim  window  measurements 
of  IRIS  using  a method  developed  by  Prabhakara 
et  al.  (1974),  From  Eq.  (5),  therefore,  it  is  plausible 
that  from  the  quantity  A/,  we  can  infer  one  dominant 
mode  or  property  of  the  atmosphere  implicitly 
contained  on  the  right-hand  side  of  the  equation. 
Over  water  bodies,  as  will  be  discussed  later,  there 
are  strong  correlations  between  T'(p)  and  RH'(p). 
Further  such  correlations  exist  in  the  lowest  layers 
of  the  atmosphere  near  the  surface.  Principally,  this 
results  in  a signifeart  deviation  of  precipitable 
water  vapor  from  the  mean  value  w . 

Thus  if  we  can  deduce  these  deviations  from  the 
IRIS  spectral  measurements  over  the  global  oceans, 
we  can  infer  some  salient  features  of  the  lowest 
layers  of  the  atmosphere. 


A/  - 6(po)[rp(Pi)  - T,(po)l 


6(p)d[Tp(p)  - T,(p)],  (2) 


where  S is  the  average  Planck  intensity  over  the 
peaks  and  valleys  in  the  spectrum  which  are  typi- 
cally spaced  within  10  cm~'  apart,  and  r,  and  r,  are 
mean  transmittances  in  the  peaks  and  valleys  of  the 
spectrum,  respectively. 

Eq.  (2)  may  be  replaced  with  the  following  func- 
tional relationship 


I »/[r..r(p),RH(p)i,  (3) 

where  / (called  the  line  strength)  is  the  brightness 
temperature  difference  corresponding  to  A/,  T(p) 
and  RH(p)  are  temperature  and  relative  humidity 
as  functions  of  pressure  p,  and  T,  is  the  surface 
temperature. 

Given  the  surface  temperature  T„  a mean  tem- 
perature profile  tip)  could  be  constructed  assum- 
ing an  average  laps^rate.  Further,  if  a mean  relative 
humidity  profiie  RHip).  based  on  climatological 
d£ta,  could  be  defined  we  can  express  the  mean  line 
strength  I as 


3.  Determination  of  precipitable  water  vapor  in 
different  atmospheres 

In  order  to  study  the  manner  in  which  /.  as  de- 
fined previously,  changes  as  a function  of  the 
atmospheric  conditions,  we  have  developed  a radia- 
tion computational  scheme  that  can  simulate  the 
spectral  data  with  a resolution  of  2.8  cm~‘  in  the 
water  vapor  absorption  regions  from  400  cm~‘  to 
1400  cm'*.  The  transmission  function  t of  the  water 
vapor  needed  in  these  calculations  is  taken  to  be 
the  product  of  three  components:  ri  associated  with 
water  vapor  lines,  t,  produced  by  the  continuum  due 
to  foreign  broadening,  and  r,  resulting  from  the  e- 
type  absorption  (Bignell,  1970).  The  transmission 
function  of  the  water  vapor  lines  t,  is  derived  using  a 
multiple-regression  scheme  similar  to  the  one  pro- 
posed by  Smith  (1%9).  The  details  of  the  foreign 
broadening  and  the  e-type  given  by  Kunde  and 
Maguire  ( 1974)  are  adopted. 

This  simulation  program  is  used  to  synthesize 
spectral  data  for  several  different  atmospheres 
ranging  from  tropics  to  high  latitudes. 

a.  Average  atmospheric  conditions 


hT,)  »/[T„T(p)jf&(p)}.  (4)  atmospheric  temperature  and  relative  hu- 

midity distributions  corresponding  to  mean  condi- 
It  is  apparent  from  these  assumptions  that  Ms  a tions  in  the  latitudinal  belts  0-10”,  10-30°  and 
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Table  Ie.  Coincident  date  from  ship  radiosonde  stations  and  Nimbus  4 IRIS. 


Day 

Ship 

2ms 

(K) 

Ttws 

(K) 

RH(p0 

(») 

lian 

CQ 

*VuBt 

(gem**) 

ivtiar 

(gem**) 

19  Apr 

4 Y M 

273.9 

277.9 

93 

3.37 

1.16 

0.93 

22  Apr 

WTK  A 

297.0 

299.4 

82 

9.12 

4.11 

3.82 

7 May 

4 Y J 

280.4 

281.0 

66 

3.75 

1.32 

0.91 

9 May 

4YN 

290.3 

290.9 

68 

4.78 

1.78 

1.90 

12  May 

4YM 

278.7 

280.1 

84 

3.03 

1.01 

0.99 

17  May 

4 YN 

289.9 

291.3 

76 

3.34 

2.04 

1.93 

21  Mav 

4YJ 

282.4 

283.7 

92 

3.30 

1.13 

1.38 

6 Jun 

4YN 

290.4 

292.9 

68 

3.09 

1.92 

1.72 

12  Jim 

4YV 

294.3 

292.7 

98 

8.18 

3.54 

3.46 

18  Jun 

4YJ 

282.3 

283.1 

76 

3.96 

1.41 

1.33 

21  Jun 

4YE 

294.6 

294.4 

89 

8.73 

3.87 

3.71 

21  Jun 

4YN 

291.1 

293.1 

82 

3.92 

2.33 

1.73 

2 Jul 

4 Y J 

283.9 

284.9 

83 

4.38 

1.61 

1.82 

3 Jul 

4YD 

290.6 

293.1 

92 

3.39 

2.18 

2.80 

12  Jul 

4VE 

298.6 

297.7 

77 

8.06 

' ,8 

3.30 

17  Jul 

4Y  V 

293.7 

297.9 

88 

6.44 

2.60 

2.64 

31  Jul 

4YD 

293.3 

293.3 

93 

7.12 

2.96 

2.38 

2 Aug 

4YN 

294.8 

296.1 

69 

3.83 

2.28 

1.83 

6 Aug 

4 Y B 

280.7 

282.7 

82 

3.17 

1.08 

1.18 

7 Aug 

4YC 

283.6 

283.7 

91 

4.87 

1.83 

1.78 

9 Aug 

4 Y N 

293.0 

293.9 

76 

4.96 

1.83 

1.74 

11  Aug 

4 Y D 

294.1 

293.3 

80 

3.96 

2.36 

2.07 

23  Aug 

4 Y I 

282.4 

283.1 

87 

4.67 

1.74 

1.72 

23  Aug 

4YN 

294.7 

294.7 

73 

4.98 

1.88 

1.88 

31  Aug 

4 Y K 

290.8 

293.3 

91 

6.30 

2.63 

3.23 

4 Sep 

4YP 

286.0 

283.7 

98 

3.64 

2.20 

2.65 

4 Sep 

4Y  V 

293.4 

298.7 

80 

8.96 

4.02 

4.14 

16  Sep 

4 YC 

281.8 

281.9 

81 

4.38 

1.61 

1.37 

27  Sep 

4 Y N 

293.1 

294.1 

73 

7.31 

3.06 

2.27 

4 Oct 

4 Y N 

290.3 

294.9 

79 

3.42 

2.08 

2.46 

8 Oct 

4 Y V 

294.4 

293.3 

63 

3.58 

2.16 

1.30 

13  Oct 

4Y  J 

286.4 

285.9 

87 

3.26 

2.00 

1.87 

18  Oct 

4 Y N 

294.1 

294.9 

73 

4.90 

1.84 

2.08 

23  Oct 

4Y  P 

279.3 

282.1 

71 

3.18 

1.08 

0.83 

23  Oct 

4 Y N 

290.2 

294.3 

73 

3.73 

2.24 

2.12 

27  Nov 

4 YP 

282.0 

280.9 

80 

3.67 

1.27 

0.91 

3 Dec 

4 Y V 

291.8 

291.3 

66 

5.00 

1.87 

1.38 

S Dec 

4 Y E 

292.3 

292.2 

72 

6.43 

2.39 

2.09 

26  Dec 

4 Y E 

291.2 

292.7 

83 

6.30 

2.33 

2.01 

26  Jan 

4Y  J 

280.6 

281.3 

73 

3.07 

1.05 

1.12 

30- 50*  on  both  the  hemispheres  for  four  seasons  are  interesting  to  note  that  in  all  cases  the  mean  rela* 
derived  by  Nieman  (1977).  tive  humidity  profiles  are  very  similar  and  decrease 

Some  of  these  mean  profiles  of  the  temperature  from  surface  up  to  -200  mb  almost  linearly  as  a fiinc- 
and  relative  humidity  are  shown  in  F<g.  2.  It  is  tion  of  height.  These  data  are  heavily  weighted  by 

Table  lb.  As  in  Table  la  but  with  radiosonde  data  from  island  stations. 

Day 

Station 

la 

bhh 

wmis 

Wish 

20  Apr 

78lI8Tuits 

298.3 

296.9 

72 

5.36 

2.16 

2.23 

20  Apr 

78486  S.  Domingo 

298.4 

296.8 

73 

6.03 

2.41 

2.33 

n Apr 

78970  Trinidad 

299.3 

298.1 

90 

7.32 

3.18 

3.37 

23  Apr 

78326  San  Juan 

298.0 

299.3 

67 

7.13 

2.97 

3.03 

29  Apr 

91243  Wake 

298.7 

301.8 

71 

7.38 

3.10 

3.05 

3 May 

78806  Howard 

296.9 

297.7 

93 

10.46 

S.OO 

5.07 

8 May 

91 163  Lihue 

297.2 

300.2 

72 

6.08 

2.43 

2.57 

11  May 

78118  Turks 

297.4 

297.1 

66 

6.14 

2.45 

2.37 

13  May 

91283  HUo 

299.7 

298.8 

69 

6.16 

2.46 

2.61 

18  May 

78326  San  Juan 

298.9 

298.8 

71 

7.30 

3.06 

2.71 

18  May 

78988  Plesman 

299.3 

300.9 

81 

10.30 

4.90 

5.13 

21  May 

78970  Trinidad 

298.7 

300.3 

83 

10.00 

4.70 

4.17 

'H 
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Table  2.  Mean  line  strength  / and  total  precipitable  water  w 
as  a ftinction  of  the  surfac*  temperature  T,  for  different  mean 
atmospheres. 


T, 

(K) 

/ 

(•a 

(f  cm"*) 

Tropica  ItTN-lirS 

294.9 

9.6 

4.3 

Subtropica  summer  I0-30*N 

298.6 

9,3 

4.3 

Subiro^  winter  10-30‘N 

291.9 

7.2 

3.2 

Tempeme  summer  30-50*N 

292.8 

7.3 

3.4 

Temperate  winter  30-50'N 

273.9 

3.1 

1.0 

land  stations.  However,  from  a limited  sample  of 
ship  and  island  radiosonde  data  taken  ov^r  North 
Atlantic  and  North  Pacific  (see  Tables  la  and  Ib) 
during  the  year  1970,  we  find  a mean  value  of  81% 
relative  humidity  near  the  surface,  and  a similar 
decrease  with  height.  For  this  reason  we  have 
adopted,  for  the  radiative  transfer  simulations, 
one  relative  humidity  profile,  as  shown  in  Fig.  2, 
for  all  oceanic  regions. 

From  the  synthetic  spectral  data,  calculated  with 
the  simulation  program,  using  the  above  mean 
atmospheric  conditions,  we  have  obtained  the  bright- 
ness temperature  at  eight  peaks  (see  Fig.  1)  in  the 
9 urn  region— 1127.7,  1140.2,  1138.3,  1168.0, 
1181.9,  1193.1,  1202.8,  1232.0  cm"*— and  averaged 
them.  Similarly,  the  brightness  temperature  at  eight 
adjacent  valleys — 1136.1,  1149.9,  1165.3,  1173.6, 
1186.1,  1197.2,  1211.2,  1225.1  cm-‘—are  averaged. 


Fio.  3.  TIw  rtlationship  bttwMti  (1m  9 >un  line  suengtli 
ud  tlM  toCBl  prccipitabi*  wucr  for  meu  tunosptwnc  condiiions. 
for  invcntoii  conditioM  (from  T«blca  3a-3c).  «nd  ITCZ 
CAMS  (s«t  Tabl«  4). 


The  difference  between  these  two  averages  gives  an 
estimate  of  the  line  strength  representative  of  the 
spectral  region  1 125- 1235  cm"*.  The  corresponding 
brightness  temperature  I is  shown  in  Table  2 for  the 
various  mean  atmospheres.  In  Fig.  3 we  show 
graphically  the  relationship  between  I and  w for 
the  various  mean  atmospheres.  Further  in  Fig.  4 
the  dependence  of  I and  w on  the  surface  tempera- 
ture T,  is  shown.  Both  w and  I,  as  seen  from  the 
Fig.  4,  increase  with  T,  in  an  analogous  foshion. 
The  increase  in  w may  be  readily  understood  in 
terms  of  the  moisture  holding  capacity  of  the  warmer 
atmospheres.  The  growth  of  I needs  some  ex- 
planation. 

The  behavior  of  I can  be  explained  with  the  help 
of  the  weighting  functions,  drldz  associated  with  the 
valleys  and  peaks  in  the  spectra. 

The  weighting  function  associated  with  the  valleys 
has  a distinct  maximum  which  moves  down  as  the 
total  water  content  decreases.  The  weighting  fiinc- 
tion  at  the  peaks,  on  the  other  hand,  does  not  show 
any  maximum.  The  strength  of  the  line  / is  thus 
crucially  dependent  on  the  superincumbent  water 
vapor  in  the  troposphere. 

Over  the  oceans,  the  relationships  shown  in  Figs. 
3 and  4 represent  basic  correlations  among  the  sur- 
face temperature  T„  w and  /.  These  correlations 
may  be  broken  when  atmospheric  temperature 
and  water  vapor  profiles  are  perturbed  from  mean 
conditions.  Such  perturbations  are  present  over  the 
global  oceans. 


SUBEACI  TIMBIRArUNt  (Kl 


Fic.  4.  Dependence  of  the  9 mean  line  strength  / and  the 
total  water  vapor  content  w on  the  surfoce  temperature  T,  over 
the  oceans. 
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In  the  followtnf  discussion  these  climstologically 
signifii.  ent  perturbetions  tre  exnmined  in  some 
detail. 

b.  Trade  wind  inversion 

Trade  wind  inversion  is  a climatological  feature , 
associated  with  oceanic  subtropical  anticyclones. 
In  th(  Sorthem  Hemisphere  the  axis  of  these  anti- 
cyclof'es  tilts  from  NE  to  SW  (see,  e.g.,  Haurwitz 
end  ) ustin,  1944)  and  thereby  the  vertical  motion 
ass  > .'iated  with  these  anticyclones  has  an  organized 
patt-.ni.  On  the  NE  side  there  is  a pronounced  sub- 
sidence. while  on  the  SW  the  vertical  motion  is 
weaU:.  This  organized  motion  of  the  subtropical 
anticyclones  produces  a strong  invenion  on  the 
NE  side.  The  observations  of  the  Meteor  Oceano- 
gnpKc  Expedition  (Picker.  1936)  and  the  Indian 
OcM  1 Expedition  (Ramage,  1966,  1971)  reveal  the 
gene  al  nature  of  the  trade  wind  inversion  over  the 
N'.>r'  I and  South  Atlantic,  and  the  Arabian  Sea. 
Riehi  (19S4)  shows  the  NE-SW  cross  sections  of 
the  trade  inversion  regime  derived  from  radiosonde 
data  gathered  during  July-October  1945  over  the 
North  Pacific  Ocean.  The  more  recent  experiments 
relatrd  to  GATE,  in  particular  BOMEX  and  ATEX 
(Augstein  el  al.,  1973;  Dunckel  et  al.,  1974),  rein- 
force the  observations  of  these  earlier  studies. 

In  the  trade  wind  inversion  the  stronger  the 
subsidence  the  lower  the  height  h of  the  inversion 
<uid  the  larger  the  temperature  increase  IT  from  bot- 
lom  tu  top  of  the  inversion  due  to  adiabatic 
warming  (Riehl,  1954).  The  change  in  relative 
' umidity  dRH  is  primarily  due  to  the  capping  of 
I onvection  by  the  inversion,  which  limits  the  height 
( r the  lower  humid  layer,  while  above  the  inversion 
sinking  of  dry  air  a*'  dynamic  warming  lower  the 


Tahi.e  Computed  9 iim  line  stren(Ui  corresponding  to  three 
inversions  for  tropics  (e),  midletitudc  summer  (b)  end  midietitude 
winter  (c). 
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Fig.  5.  Adopted  mewi  relative  humidity  profile  (shown  also 
in  Fig.  2)  and  the  models  of  the  relative  humidity  profile  for 
three  conditiont  (see  Table  3)  of  (be  inversion.  The  average 
profiles  for  June  to  August  and  September  to  October  from 
the  Ship  4 Y N radiosonde  data  (Table  la)  are  also  shown 
(dashsd  lines). 

relative  humidity.  In  this  manner  a correlation  be- 
tween the  temperature  profile  and  the  water  vapor 
profile  in  the  lowest  layers  of  the  troposphere  is 
developed  in  oceanic  regions  where  the  inversion 
conditions  prevail. 

Utilizing  these  climatological  correlations,  we 
have  empirically  modeled  the  characteristics  of  the 
trade  wind  inversion  layer  over  the  oceans,  with 
one  parameter  (ARH)  which  is  coupled  to  h and 
AT.  In  Table  3 three  values  of  the  inversion  param- 
eter ARH  and  the  associated  h and  AT  used  in 
our  calculations  are  listed.  The  adopted  mean 
humidity  profile  shown  in  Fig.  2 is  suitably  modi- 
fied to  represent  the  three  inversion  conditions. 
Above  the  level  of  inversion,  the  relative  humidity 
profile  is  assumed  to  have  a constant  value  until  it 
meets  the  undisturbed  profile  as  shown  in  Fig.  5. 

This  model  is  consistent  with  some  recent  radio- 
sonde dau,  referred  to  in  Table  1 a,  of  the  ship  station 
4 Y N (30*N,  140*W)  in  the  North  Pacific  where  the 
trade  wind  regime  is  strong  during  summer.  The 
average  relative  humidity  profile  of  the  ship  4 Y N 
cases,  listed  in  Table  la,  for  the  months  of  June- 
August  and  September- October  are  shown  in  Fig.  5 
for  comparison.  These  profiles  support  the  inversion 
model. 

Applying  these  three  inversion  characteristics  to 
the  tropical,  midlatitude  summer  and  winter  atmos- 
pheres we  have  calculated  /,  the  strength  of  the 
lines  in  the  9 urn  region.  In  Table  3 the  strength  of 
/ and  the  total  precipiuble  water  w for  the  three 
inversion  conditions  are  listed.  These  tables  show 
the  dependence  of  / on  the  boundary-layer  param- 
eters ARH,  h and  AT  in  a joint  fashion. 
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Tablc  4.  Calculated  9 lun  line  strength,  the  total  water  content  w,  and  the  index  (iv  - wVw  for  the  ITCZ  cases. 


Source 

T. 

(K) 

/ 

CO 

w 

(g  cm->) 

IV 

(g  cm**) 

(it-  — w}lw 

Jordan  (1958) 

299.15 

9.92 

4.38 

4.34 

-0.01 

Augstcia  tf  at.  (1974) 

299.15 

10.13 

4.94 

4.33 

-0.14 

Estoque  (1975) 

297.65 

:o.39 

5.26 

4.09 

-0.28 

Estoque  and  Douglas  (1978) 

298.65 

9.31 

4.58 

4.25 

-0.08 

Godbole  and  Ghosh  (1975)' 

299.65 

11.13 

5.43 

4.41 

-0.23 

For  a given  surface  temperature  the  total  water 
content  in  each  one  of  these  models  varies  as  the 
boundary-layer  parameters  change.  The  water  con- 
tent is  at  maximum  when  the  inversion  is  absent 
and  least  when  the  inversion  is  at  the  lowest  levels 
as  shown  in  the  tables.  As  the  total  water  is  an 
integral  property  reflecting  the  inversion  char- 
acteristics we  may  relate  it  to  /. 

In  Fig.  3 the  values  of  / and  w taken  from  Table  3 are 
plotted.  It  can  be  seen  from  this  figure  that  all  the 
points  are  very  close  to  the  curve  corresponding  to 
mean  atmospheric  conditions.  As  a consequence  of 
this  result  it  is  possible  to  infer  w from  / in  the 
presence  of  the  inversion  condition. 

We  have  examined  the  sensitivity  of  / separately 
to  the  temperature  profile  and  the  water  vapor  pro- 
file. Such  an  examination  shows  that  ~90%  of  the 
change  in  / is  due  to  the  variation  in  the  water  vapor 
profile,  while  the  temperature  profile  accounts  for 
-10%.  This  analysis  shows  the  overwhelming 
imponance  of  the  water  vapor  profile.  Any  infer- 
ence of  the  temperature  profile  from  / thus  has  to 
be  deduced  by  way  of  statistical  correlation  with 
respect  to  water  vapor  profile. 

The  surface  temperature  T,  on  the  ocean  can 
be  measured  independently  from  the  11  ^im  IRIS 
window  data.  Given  the  surface  temperature  we 
can  estimate  the  total  water  content  w correspond- 
ing to  mean  atmospheric  conditions  from  Fig.  4. 
Then  we  can  formulate  a parameter  (vt-  - w)hl 
to  indicate  the  strength  of  the  inversion. 

c.  Intertropical  convergence  zone 

Another  well  known  pnenomenon  over  the  tropi- 
cal oceans  is  the  intertropical  convergence  zone 
(ITCZ).  This  is  the  region  where  the  low-level 
winds  converge  to  produce  a rising  motion  which 
carries  water  vapor  upward  and  produces  above 
average  humidity  conditions  aloft.  The  temperature 
invenion  above  the  boundary  layer  in  the  ITCZ  is 
generally  absent  or  weak  (Estoque.  1975).  Thus 
the  temperature  profile  in  the  ITCZ  areas  does 
not  show  a significant  departure  from  mean  atmos- 
pheric conditions.  However,  the  water  vapor  pro- 
file reflects  the  effects  of  rising  motion,  resulting 
in  a significant  increase  in  total  water  content.  For 
this  reason  we  have  not  developed  a simple  model 
of  the  coupling  of  the  temperature  and  water  vapor 
profiles  in  the  ITCZ. 


Observations  of  the  temperature  and  humidity 
corresponding  to  the  ITCZ  conditions  are  given  in 
the  studies  of  Augstein  et  at.  ( 1974),  Estoque  ( 1975), 
Godbole  and  Ghosh  ( 1975)  and  Estoque  and  Douglas 
(1978).  The  relative  humidity  profile  in  the  ITCZ 
shows  a significantly  larger  value  than  the  climato- 
logical average  between  about  800  and  600  mb. 
In  this  region  of  the  atmosphere  a significant 
deficit  in  humidity  is  noticed  when  inversion  condi- 
tions prevail.  Utilizing  the  radiative  transfer  pro- 
gram we  have  calculated  the  9 pm  line  strength  for 
all  these  ITCZ  cases  which  are  shown  in  Table  4. 
In  the  same  table  we  give  also  the  results  for  an 
average  profile  for  the  West  Indies  region  (Jordan, 
1958). 

The  values  of  / and  the  corresponding  w for  the 
ITCZ  cases  are  also  plotted  in  Fig.  3.  This  figure 
clearly  shows  that  the  ITCZ  / values  conform 
reasonably  well  with  the  general  / vs  w relationship 
that  was  derived  from  mean  atmospheric  condi- 
tions and  trade  wind  inversion  models.  In  all  the 
ITCZ  cases  the  parameter  (it-  - w)/\i  is  negative 
(see  Table  4),  suggesting  that  the  water  vapor  con- 
tent and  the  depth  of  the  humid  layer  exceed 
average  conditions. 

We  can  conclude  from  the  preceding  discussion  of 
spectral  simulations  that  the  relationship  between 
/ and  IV,  shown  in  Fig.  3.  is  applicable  for  the  various 
atmospheric  conditions  we  have  considered.  The 
parameter  (iv  - iv)/vv  in  a general  fashion  reflects 
excess  or  deficit  of  water  vapor  content  in  the 
atmosphere  with  respect  to  some  mean  conditions. 
For  positive  values  this  parameter,  together  with 
some  statistical  information,  can  be  related  to  the 
strength  of  the  trade  wind  inversion.  Negative 
values  of  this  parameter  indicate  the  presence  of 
deep  moisture  convection  such  as  that  produced 
by  ITCZ. 

d.  Comparison  with  radiosonde  data 

The  strength  of  the  water  vapor  lines  / as  shown 
in  the  previous  section  has  a quasi-linear  depend- 
ence on  the  total  water.  This  is  not  surprising  as  / 
is  a water  vapor  spectral  feature  in  the  window 
region. 

To  further  validate  this  result  we  have  used 
ground  truth  data  obtained  from  ship  and  island 
radiosonde  stations. 

The  Nimbus  4 IRIS  obtained  spectral  measure- 
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Ri«nts  for  a period  of  about  9 months  from  April - 
December  1970.  The  satellite  9 fim  line  strength 
measurements,  within  ±1*  latitude  and  longitude 
from  the  stations,  are  used  to  estimate  the  total 
water  content  according  to  the  relationship  shown 
by  solid  line  in  Fig.  3.  The  cloud  contamination 
was  avoided  by  accepting  only  the  data  in  which 
the  surface  temperature  reported  by  the  ship  (or 
island)  was  within  ~l.5*C  with  respect  to  satellite 
derived  SST.  In  this  fashion  we  were  able  to  gather 
32  cases  for  comparison,  shown  in  Tables  la  and  b. 
The  radiosonde  data  that  went  into  this  sample 
contained  atmospheric  conditions  ranging  from 
inversion  to  convectively  active  situations.  This 
comparison,  presented  in  Fig.  6.  reveals  that  the 
total  water  content  estimated  from  the  9 >xm  line 
strength  agrees  with  the  radiosonde  measurements 
within  ~*15%. 

4.  Information  on  global  oceans  derived  fVom  Nimbus 
4 IRIS 

The  field  of  view  of  IRIS  was  about  95  km  in 
diameter  and  this  instrument  had  only  subsatellite 
viewing  geometry.  As  the  successive  orbits  of  the 
satellite  are  longitude  apart  and  as  some  data 
are  cloud  contaminated,  it  was  not  possible  to 
construct  a global  map  of  the  line  strength  I for 
each  day.  It  was  found  necessary  to  combine 
~90  days  of  IRIS  data  to  get  a satisfactory  global 
map.  For  this  reason  we  have  divided  the  IRIS 
data  into  three  periods:  April-June.  July-Septcm- 
ber  and  October- December.  The  cloud  contamina- 
tion is  eliminated  with  the  help  of  the  brightness 
temperature  in  the  1 1 >xm  window  region.  It  is  assumed 
that  when  the  window  temperature  exceeds  290  K in 
the  20“N-20“S  latitude  belt  over  the  oceans  clouds  are 
absent.  Similarly,  thresholds  of  285  and  280  K are 
applied  to  the  belts  20-30“  and  30-50“,  on  either 
side  of  the  equator,  respectively.  Thus  the  data  used 
in  this  study  emphasize  the  clear-sky  conditions  and 
do  not  represent  cloudy  areas.  In  addition,  the 
composite  of  data  may  not  lead  to  a fair  spatial  and 
seasonal  average. 

From  the  relationship  shown  in  Fig.  3 between  / 
and  w we  have  constructed  three  maps  of  total  water 
vapor  distribution  over  the  global  oceans  from 
about  50“N  to  40“S.  As  an  example,  only  the  map 
for  the  April-June  period  is  presented  in  Fig.  7. 
The  full  sets  of  maps  derived  from  the  IRIS  data 
can  be  found  in  Prabhakara  et  at.  ( 1978). 

We  are  not  able  to  compare  this  information  with  a 
global  map  of  total  water  derived  from  conventional 
data  at  this  time.  However.  Grody  ( 1978)  has  de- 
rived such  global  maps  of  water  vapor  using  the 
data  from  a scanning  microwave  spectrometer 
(SCAMS)  that  was  flown  on  Nimbus  6.  We  have 
compared  one  of  these  maps  of  total  water  content 
for  the  period  18  August-4  September  1975  with  the 
map  constructed  from  IRIS  data  for  the  three- 
month  period  July-Sepiember  1970.  The  distribu- 


Fio.  6.  Companson  between  the  water  vapor  content  derived 
from  the  9 iim  line  strength  and  the  water  vapor  content  ob- 
tained from  radiosonde  data. 

tion  of  the  total  water  vapor  in  both  these  maps  is 
quite  similar.  This  result  supports  our  method  for 
remote  sensing  of  total  water  vapor  over  the  global 
oceans. 

Using  the  1 1 pim  IRIS  window  data  and  utilizing 
the  split  window  technique  described  by  Prabhakara 
et  al.  ( 1974)  for  each  one  of  these  periods,  a sea  sur- 
face temperature  (SST)  map  is  derived.  .As  an 
example  the  SST  map  for  .April-June  is  shown 
in  Fig.  8. 

These  maps  of  w and  S.ST  essentially  constitute 
the  basic  observational  information  for  the  subse- 
quent discussion.  The  data  between  the  longitude 
region  of  -100-120“E  are  missing  due  to  some 
telemetry  limitation.  .As  a consequence  information 
over  this  part  of  the  Indian  Ocean  is  not  contained  in 
our  analysis.  With  the  help  of  the  surface  tempera- 
ture maps  and  the  corresponding  maps  of  the  total 
water  content  iv.  we  can  construct  maps  of  (u 
- w)/vv  for  the  three  periods  covered  by  the  IRIS 
oDservation.  In  Figs.  9.  10  and  11  three  maps  of  this 
index  for  the  periods  April-June,  July-Septembcr 
and  October- December  are  shown. 

In  a general  fashion  these  maps  reflect  the  gross 
structure  of  the  boundary  layer  over  the  oceans  for 
different  seasons.  The  trade  wind  inversion  associ- 
ated with  the  subtropical  anticyclone  over  the  North 
and  South-. Atlantic  and  Pacific  oceans  are  clearly 
delineated  by  the  positive  values  of  I'i’  - >i  )/'>' 
Over  the  Arabian  sea  strong  inversion  conditions 
are  revealed  during  the  period  April-June  as  well  as 
during  October- December,  .Apparently,  the  in- 
version conditions  are  absent  m the  monsoon 
period.  Juiy-September.  giving  way  to  convective 
activity.  .A  vast  region  of  subsidence  in  the  equatorial 
Pacific  is  revealed  with  some  seasonal  changes  in 
strength  and  position.  This  interesting  phenomenon 
in  the  equatorial  Pacific  is  known  from  ship  observa- 
tions (see  Riehl.  1954). 
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7.  Oiktribution  of  ihc  (oliil  wuler  vapor  conleni  (g  cm  *)  over  ibe  globai  oceanx  (50*N-40*S)  derived  from  (he  Nimbus  4 IRIS 

data  over  the  period  April,  May  and  june,  1970. 
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Fio.  8.  Distributioo  of  the  surface  temperature  over  the  global  oceans  (30’N-40*S)  derived  from  the  1 1 m"*  window 
regkM  observations  of  the  Nimbus  4 IRIS  for  the  period  April,  May  and  iune,  1970. 


The  regions  with  negative  values  of  (w  - w)iw,  results  obtained  in  this  study  are  somewhat  model- 
indicated  by  stippling,  show  the  presence  of  con-  dependent.  Particularly  if  the  mean  relative  humidity 
vectively  active  areas  as  explained  earlier.  Such  profile  changes  significantly  as  a function  of  latitude 
regions  are  present  where  the  ITCZ  generally  pre-  and  season,  the  patterns  shown  in  Figs.  9,  10  and 
vails.  Convectively  active  areas  are  also  reveled  1 1 will  be  distorted.  From  the  climatological  data  of 
along  the  coune  of  the  Gulf  Stream  and  Kuroshio  Nieman  it  appears  that  the  mean  relative  humidity 
currents.  In  the  Southern  Hemisphere  a significantly  profile  changes  within  ~ 10%,  reflecting  a 10%  error 
large  convectively  active  zone  appears  in  the  Octo-  in  w.  The  error  introduced  in  (w  - w)/w  from  such  a 
ber-December  period.  This  zone,  which  is  about  source  has  the  same  magnitude,  i.e.,  0.1.  Since  the 
lO*  latitude  in  width,  spans  from  ~20*S,  near  the  range  of  (w  - w)lw  shown  in  the  maps  is  much 
east  coast  of  Australia,  to  -'35*S  near  Chile  in  larger  than  0.1  we  are  able  to  resolve  the  patterns 
South  America.  in  a meaningful  way. 

The  significant  features  of  the  boundary  layer  The  random  errors  in  Che  remotely  sensed  SST 
characteristics  over  the  oceans  revealed  by  the  re-  and  w are  considerably  smoothed  in  the  three- 
mote  sensing  technique,  are  in  general  agreement  month  averaging  process.  As  a consequence  the 
with  the  known  climatology.  error  introduced  in  (w  - w)lw  from  this  source  is 

The  inferred  information  on  the  boundary-layer  significantly  less  than  O.I. 
structure  depends  on  one  important  assumption, 

i.e.,  the  mean  water  vapor  profile  over  the  global  5^  Summary  and  conclusions 
oceans  can  be  modeled  in  a simple  fashion.  Essen- 
tially it  is  assumed  that  one  mean  relative  humidity  Utilizing  the  Nimbus  4 IRIS  spectral  measure- 
proMe  showing  a monotonic  decrease  from  the  sur-  ments  we  have  remotely  sensed  two  pieces  of 
frtce  to  200  mb,  represents  the  average  condition  infommtion  over  the  glob^  ocean  for  three  different 
applicable  to  all  latitudes  for  different  seasons,  seasons.  The  two  pieces  of  information  are  1)  the 
Departures  from  such  mean  conditions  are  then  corrected  sea  surface  temperature  (SST)  obtained 
associated  with  the  stable  condition  of  inversion  or  from  the  differential  absorption  in  the  11  and  13 
the  convectively  active  state.  For  this  reason  the  >^m  region,  and  2)  the  precipitable  water  vapor  wob- 
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Fic.  9.  DikiritNiikm  of  ihe  index.  (m>  - w\/w  x 10,  over  Ike  (lobnl  oceans  derived  from  (he  Nimbus  4 IRIS  data  for  the  period  April,  May  and  June, 
1970.  Poxiiive  values  of  (his  index  indicaie  inversion  and  negalive  values  convection  (shown  by  stippling). 
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Uined  from  the  depth  of  the  water  vapor  lines  in 
the  8-9  iim  region. 

The  remotely  sensed  SST  and  w over  the  oceans 
can  be  used  to  infer  the  stratification  of  the  atmos> 
phere  in  the  first  few  Scilometen  abov«  the  surface. 
This  is  possible  because  on  the  average  the  vertical 
distribution  of  water  vapor  in  the  atmosphere  above 
water  bodies  cr.n  be  represented  with  a simple 
model.  Then  some  average  value  of  precipitable 
water  w can  be  associated  with  a given  surface 
temperature.  The  departure  of  the  measured  kv  from 
the  corresponding  iv  relates  to  the  atmospheric 
stratification  in  the  boundary  layer.  For  instance,  w 
exceeds  w when  convective  conditions,  such  as  the 
ITCZ,  are  present.  When  w is  less  than  tv  stable 
conditions  of  inversions  prevail.  Such  an  excess  or 
deficit  of  tv  has  been  derived  from  IRIS  data  for 
three  seasons  of  1970.  The  gross  characteristics 
of  the  boundary  layer  over  the  oceans  are  seen 
in  these  maps. 

The  trade  wind  inversion  over  the  oceans  is  an 
integral  part  of  the  tropical  circulation.  The  studies 
of  Malkus  (1956),  Mak  (1976)  and  Oguraet  al.  (1977) 
bring  out  the  importance  of  this  large-scale  atmos- 
pheric phenomenon.  The  investigation  of  Reiter  (1978) 
reveals  an  intimate  connection  between  the  sea 
surface  temperature  anomalies  and  the  strength  of 
the  trade  winds.  Several  studies  (see.  e.g.,  Namias, 
1978)  have  revealed  the  significance  of  SST  anomalies 
in  producing  seasonal  climate  change.  From  these 
studies  it  is  clear  that  the  information  we  are  de- 
riving from  remote  measurements  over  the  global 
oceans  on  a seasonal  basis,  although  crude,  can 
be  valuable  in  understanding  the  ocean  atmosphere 
interaction.  This  knowledge  is  indispensable  in  de- 
veloping seasonal  climate  prediction  models. 

The  information,  obtained  with  the  help  of  satellite 
measurements,  which  we  have  presented  here,  is 
biased  toward  ciear-sky  conditions.  Microwave  re- 
mote sensing  is  capable  of  probing  through  clouds 
when  they  are  not  precipitating.  Thus  when  the 
microwave  technique  to  sense  the  sea  surface 
temperature  is  developed,  it  appears  that  the  bias 
introduced  by  clouds  can  be  reduced. 
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ABSTRACT 

Remote  infrared  spectral  measurements  in  the  8-13  pm  window  region,  at  a resolution  of 
about  3 cm**,  contain  useful  information  al  out  the  water  vapor  and  temperature  stratifica- 
tion of  the  atmosphere  within  the  first  few'  kilometers  above  the  water  surface.  Two  pieces 
of  information  are  retrieved  from  the  spectral  measurements:  (1)  precipitable  water  vapor 
in  the  atmospheie,  from  the  depth  of  the  line  structure  betw'een  8 and  9 pm  due  to  water 
vapor  lines;  and  (2)  sea  surface  temperature,  from  the  variation  of  brightness  temperature 
between  1 1 and  13  pm.  '^'ogether,  these  two  pieces  of  information  can  signify  either  the 
presence  of  a deep  moist  convective  layer  or  the  prevalence  of  stable  conditions,  such  as 
caused  by  temperature  inversions,  which  inhibit  moist  convection. 

A simple  infrared  radiative  transfer  model  of  the  9 pm  water  vapor  lines  is  developed  to 
validate  the  method.  With  the  help  of  this  model  and  the  Nimbus  4 Infrared  Interferometer 
Spectrometer  (IRIS)  data,  a gross  picture  of  the  planetary  boundary  layer  for  different  sea- 
sons over  the  global  oceans  is  deduced.  The  important  regions  of  the  trade  wind  inversion 
and  the  intertropical  convergence  zones  over  all  the  oceans  are  clearly  identified  with  this 
method.  The  derived  information  is  in  reasonable  agreement  with  some  observed  climato- 
logical patterns  over  the  oceans. 


♦NAS/NRC  Research  Aisociate  on  leave  from  C R.,  Istituto  di  Fisica  della  Atmosfera,  Rome,  Italy. 
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